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Abstract

I present an elaborated analytical examination of the Green function of an electron
scattered at a single-site potential, for both the Schrédinger and the Dirac equation,
followed by an efficient numerical solution, in both cases for potentials of arbitrary
shape without an atomic sphere approximation.

A numerically stable way to calculate the corresponding regular and irregular wave
functions and the Green function is via the angular Lippmann-Schwinger integral
equations. These are solved based on an expansion in Chebyshev polynomials and
their recursion relations, allowing to rewrite the Lippmann-Schwinger equations into a
system of algebraic linear equations. GONZALES et al. developed this method for the
Schrédinger equation, where it gives a much higher accuracy compared to previous
perturbation methods, with only modest increase in computational effort. In order to
apply it to the Dirac equation, I developed relativistic Lippmann-Schwinger equations,
based on a decomposition of the potential matrix into spin spherical harmonics,
exploiting certain properties of this matrix. The resulting method was embedded
into a KORRINGA-KOHN-ROSTOKER code for density functional calculations. As an
example, the method is applied by calculating phase shifts and the Mott scattering
of a tungsten impurity.






Contents

1

I

2

II

Introduction

Electronic Structure Calculations

Density Functional Theory

2.1 Quantum Mechanical Description of a Solid . . . . . . . .. ... ..
2.2 Born-Oppenheimer Approximation . . . . . .. ... ... ... ...
2.3 Hohenberg-Kohn Theorem . . . . . . . .. .. ... ... ... ....
2.4 Kohn-Sham Equations . . . . . ... ... ... ... ... ......
2.5 Relativistic Spin-Current Density Functional Theory . . . . . .. ...
2.6 Relativistic Spin Density Functional Theory . . . . . .. . . ... ..

2.7 Exchange-Correlation Energy Functionals . . . . .. .. ... .. ..

Korringa-Kohn-Rostoker Green Function Method

3.1 Overview and Historical Development . . . . .. .. ... ... ...
3.2 Introduction to Green Function Theory . . .. ... ... ... ...
3.3 Green Function and Electron Density . . . . . . . .. .. ... ....
3.4 Multiple Scattering . . . . . . . . ...
3.5 Full Potential . . . . . .. .. ...
3.6 KKR GF Algorithm . . . . ... ... .. ... ... ... ..

Non-Relativistic Single-Site Scattering

Free Particle Green Function
4.1 Derivation . . . . . . . .

4.2 Angular Momentum Expansion . . . .. ... ... ... ... ..

Particle in a Potential: Lippmann-Schwinger Equation
5.1 Derivation . . . . . . ..
5.2 Angular Momentum Expansion . . . . . . ... ... ... ...

5.3 Coupled Radial Equations . . . . . . .. ... ... ... .......

10
10
11
12
14

15
15
16
17
18
20
21

23

24
24
27



9.4 tMatrix . . ...
5.5 Radial Equations in PDE Formulation . . . .. ... ... ......
5.6 Operator Notation and Integral Equations for the Green Function . . .
5.7 Fredholm and Volterra Integral Equations . . . . .. .. ... .. ..
5.8 « and 8 Matrices and the Irregular Solution . . . . . .. .. ... ..

5.9 Angular Momentum Expansion of the Green function for a Particle in
a Potential . . . . . ...

III Relativistic Single-Site Scattering

6 Dirac Equation
6.1 Relativistic Quantum Mechanics . . . . . ... ... .. ... ....
6.2 The Free Electron . . . . . . ... ... oo
6.3 Electron in a Potential . . . . . . .. ... ..o

6.4 Relativistic Corrections to the Schréodinger Equation . . . . . . . ..

7 Angular Momentum Operators, Eigenvalues and Eigenfunctions
7.1 Orbital Angular Momentum Operator . . . . . . .. ... ... ...
7.2 Spin Operator . . . . . . . . . . . ...
7.3 Total Angular Momentum Operator . . . . . .. .. ... ... ...
7.4 Spin-Orbit Operator . . . . . . . . . .. ... ... .. .. .. ...

7.4.1 The Dirac Hamiltonian in Spin-Orbit Operator Notation . . .
7.4.2 Eigenvalues of the Spin-Orbit Operator . . . .. ... .. ...
7.5 Spin Spherical Harmonics . . . . . . . .. ... ... 0.

8 The Free Dirac Particle
8.1 Solution of the Free Dirac Equation: Dirac Plane Waves . . . . . . .

8.2 Solution of the Free Dirac Equation for Separated Radial and Angular
Parts . . . . ..

8.3 Angular Momentum Expansion of a Dirac Plane Wave . . . . . . ..

9 Free Particle Green Function
9.1 Derivation . . . . . . . . ..

9.2 Angular Momentum Expansion . . . . ... ... ... ........

41
43
44

48

51

52
52
53
o4
55

57
o7
58
59
59
59
61
62

69
69

71
75



10 Relativistic Lippmann-Schwinger Equations 84
10.1 Derivation . . . . . . . . . . 84
10.2 Angular Momentum Expansion of the Lippmann-Schwinger Equations 85

10.3 Angular Momentum Expansion of the Relativistic Green Function for

a Particle in a Potential . . . . . . ... ... ... ... ... 87
10.4 t Matrix and Phase Shift . . . . . . . .. .. ..o 94
10.5 Angular Momentum Expansion of the Potential . . . ... ... .. 98
10.6 Coupled Radial Equations for Full-Potential Spin-Polarised KKR . . 104
10.7 Coupled Radial Equations for Full-Potential Spin-Current KKR . . . 109
10.8 Decoupled Radial Equations for a Spherical Potential without a Mag-
netic Field . . . . . . .. o 111
10.9 From Fredholm to Volterra Representation . . . . . . . . .. ... .. 113
IV  Implementation and Applications 117
11 Numerical Techniques 118
11.1 Chebyshev Quadrature . . . . . . . . . . ... ... ... L. 118
11.2 Chebyshev Expansion . . . . . ... ... .. ... ... ... ..... 121
11.3 Lebedev-Laikov Quadrature . . . . . . . .. ... .. .. ... .... 122
12 Dirac Single-Site Solver 124
12.1 Algorithm . . . . . . . . . .. . 124
12.2 Skew Scattering at a Tungsten Impurity . . . . . . .. ... ... .. 127

13 Conclusion 130






1 Introduction

A large portion of the technological progress seen over the past decades took place
on grounds of materials research and condensed matter physics. Desired material
properties are highly diverse, ranging from mechanical requirements for a reliably
constructed aeroplane, over electrical specifications in solar cells, up to magnetoelectric
properties in hard disk drives — to name just a few out of endless examples. The
second half of the 20th century could be termed the microelectronics era. During
this time, the world witnessed unprecedented and rapid changes in communication,
information processing and information storing, starting from the earliest transistor
up to having impressively powerful microprocessors in our mobile phones now, which
would still have filled a supercomputing centre by the time I saw the light of day.

Most electronic devices nowadays work with binary digit data transmission, based
on the presence or absence of electric charge (or, in other words, based on electrons
and holes). Apart from the electron charge, another property is exploited: its spin.
Storing data in a hard disk drive by changing the magnetisation of a bit, i.e. one
tiny piece of magnetic material, is an example. This technology experienced an
important progression after the discovery of the Giant Magnetoresistance effect
(GMR) by GRUNBERG in Jiilich [1] and FERT in Paris |2], allowing a significantly
higher information density. Their work, which was awarded the Nobel prize in 2007,
can be seen as the birth of magnetoelectronics, i.e. the exploitation of magnetic fields
in materials for the control of transport in electronic devices, from which thereafter
developed the field of spintronics (short for spin electronics) [3, 4], which is the field
of electronics based on the manipulation of the electrons’ spin orientation.

It is, from my point of view, absolutely fascinating to see that all the electronic
properties in spintronics and also condensed matter research in general emerge from
just one single, small equation: the DIRAC equation. Only the large number of
particles is what makes it in practice impossible to solve the equation exactly in
realistic solid state physics systems. This equation describes the behaviour of an
electron under the influence of an electromagnetic potential, consistent with special
relativity. It was proposed in 1928, just two years after the publication of the
SCHRODINGER equation, which does not take special relativity into account. Ab
initio methods aim to start from the Schrédinger or the Dirac equation, i.e. from
quantum mechanical principles, to calculate physical properties from it within certain
approximations but without introducing any adjustable parameters!. Such a method
is Density Functional Theory (DFT), which addresses the problem of the immense
amount of particles by using a density instead of wave functions as a central quantity,
and results in effective single-particle Dirac or Schrodinger equations. Its first solid
foundation dates back to the 1960s, when the HOHENBERG-KOHN theorem [5] and
the KOHN-SHAM equations were published [6]. The often excellent accuracy with by
far lower computational demands compared to wave function based methods, allowed

'The only parameters entering the theory are the electron mass and charge, Planck’s constant
and the speed of light in vacuum.
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it to rise from an initially peripheral position to a standard method in computational
solid state physics and chemistry, including nowadays also fields such as organic
chemistry or biochemistry. The Nobel prize in chemistry that KOHN and POPLE were
awarded in 1998 acknowledges the significance of the method.

One of the earliest schemes for the solution of the KOHN-SHAM equations within
DFT is based on the KORRINGA-KOHN-ROSTOKER (KKR) method [7, 8|. Its roots
are found even earlier than the ones of DFT, namely in the late 1940s, when it was
developed as a wave function method for band structure calculations. It received
only modest initial attention, yet when it was extended to a Green function method
and embedded into DF'T, it unveiled its full strength. The Green function can, in
fact, be seen as the heart of the modern version of KKR [9, 10|, containing all the
information about the system and giving direct access to the electron density simply
by an energy integration. It is first calculated for the single-site problem, i.e. the
scattering of one electron at a single atomic potential, and then for the whole system,
utilising a multiple scattering matching condition.

Historically, DF'T was based on the Schrédinger equation as it has a simpler form
compared to the Dirac equation, making it computationally less demanding. Notwith-
standing, the Schrédinger equation is a serious approximation which is incapable of
describing many important effects in solid state physics. Most strikingly, electron
spin does not occur in the Schrodinger equation.

Expanding the Dirac Hamiltonian in powers of 1/¢, where ¢ is the speed of light,
(cf. section 6.4) enables to detect the leading correction terms compared to the
Schrodinger Hamiltonian, out of which the most important ones are the relativistic
mass increase and spin-orbit coupling. The latter, in turn, accounts for a long list of
phenomena, which are the subject of current research. In magnetic materials these
include, for instance, the magnetocrystalline anisotropy? [11], i.e. the spin alignment
in a preferred direction. Understanding this anisotropy is crucial for the design of
efficient data storage devices. The same is true for the DZYALOSHINSKII-MORIYA
interaction [12, 13|, which is an asymmetric spin interaction in systems with (bulk or
surface) inversion asymmetry. In non-magnetic materials having such an inversion
asymmetry spin-orbit interaction is responsible for the DRESSELHAUS effect [14] and
the RASHBA effect [15]. Furthermore, it explains the formation of two-dimensional or
three-dimensional topological insulators. [16, 17] The Rashba effect describes a spin
splitting which can be observed in semiconductor quantum well structures with a
conduction band building an antisymmetric potential well. The electrons in such a
potential well form effectively a two-dimensional system (called the two-dimensional
electron gas, 2DEG) in an effective electric field, which acts like a magnetic field in
the rest frame of the electrons. As proposed by DATTA and DAs, by varying the
voltage of a gate electrode the spin splitting can be manipulated which makes this
effect so interesting for technological use, e.g. as a spin transistor. [18, 19, 20|

2 Apart from the spin-orbit coupling, magnetocrystalline anisotropy is also caused by dipole-dipole
interactions.



Quite in general, the spin-orbit interaction is essential for many spin related transport
phenomena. To mention is the spin-relaxation, with the underlying ELLIOTT-YAFET
[21] and DYAKONOV-PEREL [22| mechanisms. Spin relaxation determines how far
the spin-polarisation of injected spin-polarised electrons can be transmitted in a wire.
Besides, spin-orbit coupling is central for all transport phenomena based on transversal
conductance, such as the anomalous Hall effect, the spin Hall effect and the quantised
versions of them (quantum anomalous Hall effect and quantum spin Hall effect).
A microscopic understanding of these effects is not only at the forefront of science
but also important for their perspective of technological applications. Proposals for
technological use include not only the above mentioned the DATTA-DAS transistor
[18] based on the Rashba effect, but also quantum computation 23] or spin polarised
solar batteries [24], to mention just a few examples. Whether or not such devices will
really be realisable has yet to be seen in the future.

But it is not only in future high tech applications that relativistic effects play a role.
Simple facts, like the colour of gold, can only be explained by relativistic calculations.
In this example, the relativistic mass increase affects the s electrons (which are closer
to the nucleus and thus move faster) more than the d electrons. As a consequence,
the 5d—6s transition energy is decreased, which leads to an absorption of the blue
colour, reflecting the part of the spectrum that is the golden colour we know. For
silver the transition line lies in the invisible ultra-violet range, giving it its typical
colour. In a non-relativistic world gold would have the same colour.

The KKR method was originally developed within the approximation of spherical
potentials surrounding the atoms (atomic sphere approximation). Many of the
examples above show, however, that asymmetries play an important role. Especially
for structures with low symmetry or open structures it is important to take the full
potential into account. Such structures include surfaces, interfaces, layered systems
including van der Waals crystals, heterostructures, materials with covalent bonds,
point defects, oxides or low-dimensional solids (graphene). Performing calculations in
the atomic sphere approximation here results in errors in the electronic structure, for
instance in the description of the interface or surface dipoles, in the description of
split-off states of electrons or the formation energies of impurities.

To account for the importance of full-potential calculations, KKR (as well as other
DFT methods, e.g. the FLAPW method [25]) was extended to a full-potential scheme
[26], initially only for non-relativistic calculations. On the other hand, to describe
relativistic effects as correctly as possible with an effort comparable to solving the
Schrodinger equation, a scalar-relativistic approach was developed |27, 28|, however
initially for spherical potentials only. This approach does not use the full vector
Dirac equation but only a scalar equation. It correctly describes the relativistic mass
increase and the Darwin term, however, it does not include the important spin-orbit
coupling. This restriction was overcome later on by the inclusion of a spin-orbit
coupling term. As it remains an approximation, without a reference it is hard to give
an exact answer to the question for which cases it holds and when it does not. On
the other hand there was the development of a fully relativistic KKR scheme [29],
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however initially for spherical potentials only.

The history of these developments naturally raises the question if it would not be
desirable to have a fully-relativistic full-potential scheme, or in other words: one
scheme that includes all the requirements and effects mentioned above. Such a scheme
would first serve as a valuable reference to control the applicability of the scalar
relativistic or the atomic sphere approximation, but then, even more importantly, also
be able to describe effects beyond the ones that the approximated schemes include
once it has been tested successfully.

Publications approaching this problem are rare [30, 31|, even though such implementa-
tions exist. The difficulty in formulating a practically applicable scheme, is an effective
and numerically stable concept and algorithm for the fully-relativistic full-potential
single-site scattering problem. Once this problem is solved, the remaining part of the
calculation is the same as for a spherical fully-relativistic calculation.

In this thesis, I provide an efficient way to solve this problem. (GONZALES ET AL.
[32] presented a technique to compute the single-site scattering problem related to
the Schrédinger equation. They calculated the wave functions via the Lippmann-
Schwinger integral equations, which they solved by applying Chebyshev quadrature
and rewriting the equations into a system of linear equations. Once the wave functions
are known, the Green function can be calculated simply from a sum (cf. section 10.3).
Within the course of this work we will see that Lippmann-Schwinger equations of
formally striking resemblance can also be formulated for the single-site problem of the
full-potential Dirac scattering. The crucial ingredient in formulating these equations
is an expansion of the potential into spin spherical harmonics, which I developed
based on certain properties of the relativistic potential matrix (cf. section 10.5).

I implemented the method compatible for incorporation into a KKR impurity code
that is currently under development in our group. By this means, direct compar-
isons between non-relativistic, scalar-relativistic and fully-relativistic calculations are
accessible.

The single-site scattering problem, however, is even interesting on its own, apart
from its significance for KKR and DFT. Using the code I developed, I performed
calculations of the phase shift of electrons scattering at a tungsten impurity in a
rubidium host. This system was chosen motivated by the aim to have a magnetic
system with large relativistic effects: tungsten is a heavy element with strong spin-
orbit coupling, rubidium is almost free-electron like with a low density, hence tungsten
is magnetic in this system. The phase shifts beautifully show the energy splitting of
the d states of tungsten. Furthermore, I calculated the k-vector dependent scattering
matrices for this impurity, showing the spin-dependent asymmetry in scattering, that
is one of the so-called extrinsic contributions to the anomalous Hall effect.

These are just two examples of how the code can help to understand electronic
properties on the atomic scale. This is what ab initio methods aim for. Another aim
is to have predictive power, i.e. to not only reproduce experimental results, but predict



properties. That this has been successful in describing various material properties
can be seen in the fact that there are books successfully listing properties for a
comprehensive list of metals [33] or other materials. By making as few approximations
as possible, both concerning the shape of the potential and relativistic effects, I hope
the developed method will show its potential in future calculations in the interesting
field of the quantum theory of materials and the related field of spintronics.

The thesis is structured into four main parts. The first one describes the DFT and
KKR methods. In the second part the non-relativistic theory is presented, in order
to form a sound basis on which to develop the changes necessary in the relativistic
case. The latter is treated in the following, third part, where I also develop the
relativistic Lippmann-Schwinger equations and the corresponding decomposition of
the potential matrix. In the last part I present the numerical methods used and
explain the implemented algorithm. I conclude with calculations of scattering at a
tungsten impurity in a rubidium host crystal.
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Part 1

Electronic Structure Calculations



2 Density Functional Theory

Density Functional Theory (DFT) it is an ab-initio method for electronic
structure calculations of steadily growing popularity since the start of its
development in the 1960s. From the initial, but in practice not exactly
solvable, problem of the many-particle Hamiltonian of electrons and nuclei,
DFT provides an efficient way to determine a solid's ground state properties
of interest. It has been extended to include the electron spin (SDFT) and to
a fully relativistic treatment (RDFT).

2.1 Quantum Mechanical Description of a Solid

The birth of quantum mechanics is marked by SCHRODINGER’s groundbreaking
publication [34] from the year 1926. With one single equation he was able to accurately
describe arbitrary systems. After its successful validation for small systems, such as
He and Hs, DIRAC is said to have explained that “chemistry has come to an end”. The
essence is that this equation allows an ab-initio description, i.e. it is not necessary to
introduce any empirical parameters from experimental measurements. Thus it has
not only descriptive but also predictive power. Shortly after, however, it turned out
that, although the Schrédinger equation correctly describes also large systems, the
problem remains how to solve it.

A material consists of atomic nuclei and electrons. Its (non-relativistic) quantum
mechanical description is therefore given by a Hamiltonian that includes the energy
terms of all nuclei and all electrons of the respective material. Both, nuclei and
electrons, move, giving them a kinetic energy contribution. Furthermore, due to
their positive charge, there is a repulsive Coulomb interaction between the nuclei.
Similarly, there is also a repulsive Coulomb interaction between the electrons due to
their negative charge. And finally, between the nuclei and the electrons there is an
attractive Coulomb interaction. Taking all the contributions together results in the

Hamiltonian?®

3Notation: N is the number of nuclei, n the number of electrons, M; the mass of the i-th nucleus,
m ~ 9.109 - 10~3! kg the electron mass, e = 1.602 - 10™'° C the absolute value of the electron charge
and g9 ~ 8.854 - 1072 AsV™'m™! the electric constant (or vacuum permittivity). The atomic
positions are given by R, the electron positions by r; and their momenta by P; and p,, respectively
and the corresponding atomic number is given by Z;. All variables are given in SI units.
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N p? " p?
H(Rq,...,RN; T,y Ty) = Z2M +Z%
i=1 to=1
N
1 1 ZiZj€2
9 R._R.l 2.1
+QZ47T50 R; — R} (2.1)
i,5=1 )
i#j
1<~ 1 1
+§Z47r€0 ‘I'Z—I']‘ ZZ 47T€0 ‘R —I‘]’
)=
i;«éj

As this is a non-relativistic description, it is already an approximation that contains
no relativistic corrections such as the electron spin, the magnetic field produced by
the electrons and the resulting spin-orbit coupling. The corresponding stationary
Schrodinger equation for the combined wave function W(Ry, ..., Ry; r1,...,r,) of all
nuclei and electrons is given by

\I/(Rl,...,RN; ry, ...,I‘n) = E\I/(Rl, ...,RN; ry, ...,I‘n). (22)

One of the simplest molecules is H;, consisting of two protons (the nuclei) and one
electron. Even this seemingly trivial three-body problem has no analytical solution
in its general form. For a solid, the number of nuclei has the order of magnitude of
10%2. So obviously there is no chance for an analytic solution, but also a numerically
exact solution is impossible even on today’s most powerful supercomputers. Not
only the CPU power is limiting the ability to perform such a calculation, but also
just storing the wave function is a hopeless task. Hence there is the need for useful
approximations and calculation concepts. Just shortly after the discovery of the
Schrodinger equation the first rudimentary predecessor of DFT was developed by
THOMAS and FERMI (35, 36].

2.2 Born-Oppenheimer Approximation

On the way towards the DF'T description of a solid, the first approximation is to treat
electron and nucleon motions independently, exploiting the fact that their motions
take place in different time scales. In simple words: electrons move a lot faster than
the heavy nuclei. Consequently, it is a reasonable approximation to treat the nuclei as
stationary within the electrons’ reference system. After assuming that the complete
wave function can be written as a product of the nucleus wave functions and the
electron wave functions?, the electron problem can be treated independently from
the motion of the nuclei. This approximation was first proposed in 1927 by BORN

“This approximation neglects terms of the scalar product (of small magnitude) and excited
electronic states.
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and OPPENHEIMER (37| and is also known as the adiabatic approzimation. Before
calculating the electron structure, one can still calculate the energetically optimal
nucleon positions (relazation).

The problem of calculating the electron wave function after applying the BORN-
OPPENHEIMER approximation is given by eq. (2.1) without the first summand (the
kinetic energy of the nuclei) and with the third summand (the Coulomb interaction
of the nuclei) being a constant.

2.3 Hohenberg-Kohn Theorem

Applying the Born-Oppenheimer approximation yields an equation for the electron
wave function. The first approximative method to solve it was the HARTREE method,
developed in the 1930s. The idea in short is to treat the electron-electron interactions
in a mean field approximation, write the nucleus-nucleus contribution as a potential
independent from the electron positions and separate the many-electron wave function
into a product of single-electron wave functions. It was improved by FOCK and
SLATER, such that the PAULI principle was obeyed, by demanding an anti-symmetric
many-electron wave function (written as a Slater determinant).

The HARTREE-FOCK method is still used in certain cases. However, results in solids
are often far from being accurate while the computational time scales unfavourably
with system size.

The foundation in the development of the DF'T method was laid by HOHENBERG and
KouN in 1964 [5|. They were able to show that for an interacting electron system
with non-degenerate ground state, in the influence of an external potential Vo (r), all
ground state properties can be expressed as a unique functional F'[n(r)] of the electron
density n(r). For any such property and its corresponding functional, the energy can
be expressed as E = [ drn(r)Vex(r) + F[n(r)]. The density minimising the energy
yields the correct ground state energy and ground state density. A generalised proof
of this theorem was given by LEVI in 1982 [38].

From the Hohenberg-Kohn theorem emerged the Kohn-Sham equations, effective
one-electron equations that will be introduced in the following section.

2.4 Kohn-Sham Equations

The essence of the Kohn-Sham equations [6] is to describe a many-particle system by
single particle equations. KOHN and SHAM split the energy functional E[n(r)] into
several contributions:

Eln] = Ty[n] + Vig[n] + / drn(r) Vst (r) + Exe[n]. (2.3)
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The first term T[n] is the kinetic energy of non-interacting electrons:

ninl =3 [ avviw) (- 5oa) ) (2.9
i=1
where the electron density n(r) is expressed in terms of the single electron wave
functions
n(r) =7 ). (2.5)

The second term is the Hartree energy, describing the Coulomb interaction between

electrons: ) (e
1 e n(r)n(r
= — drdr’ ————~. 2.

Vil dmeg 2 // rar |r —1/| (2:6)

The third term describes the interaction of the electrons with an external potential.
And the last term describes exchange-correlation effects between electrons. This
term is unknown and can only be approximated, which is the important systematic
limitation of DFT.

Varying the total energy and applying the Hohenberg-Kohn theorem yields the
expression

2 !
Vi) = Vs () 4 o [Pt 20 2.7)
for the effective potential and the equations
12
(g Vo)) ) = o) (2.8

for the single-electron wave functions. These equations have to be solved in a
self-consistent manner.

2.5 Relativistic Spin-Current Density Functional Theory

The correct description of the electron including special relativity was given by
DIRAC [39] just two years after the Schrédinger equation had been published. For
heavy elements relativistic effects play an important role. Until today, however, the
extension of the original DFT to a fully-relativistic scheme involves several difficulties
concerning the approximation of the exchange-correlation energy. For this reason
fully-relativistic implementations are rare. For an introduction to the topic cf. [40].

The basics of relativistic DF'T were developed in the 1970s by RAJAGOPAL [41, 42, 43|,
VON BARTH and HEDIN [44] and MACDONALD and VOSKO [45]. In a fully relativistic
treatment the four-vector current takes over the role of the electron density n(r).
With this change a generalisation of the Hohenberg-Kohn theorem is possible®.

5The uniqueness of the potential is no longer guaranteed in the relativistic case. However, it has
been estimated that the practical consequences of this fact are not significant. For an overview of
the discussion on this complicacy see [46] section 3.4 and references therein.
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In the electrostatic limit, i.e. for a time-independent and purely electrostatic external
potential, the four-vector current can be reduced to its time component as the only
necessary variable, which is essentially the charge density. Instead of a covariant
four-vector notation one can also use the electron density n(r) and the current
j(r) = (Jo(r), jy(r), j=(r)). The analogue to eq. (2.3) is then given by

Ji(r1) - jo(ro)
————"~drd 2.
471'60 262 // ‘I‘l — I'Q’ itz ( 9)

+/drn(r)VeXt(r) + Exc[n]a

E[n,j] = Tsn,j]+ Viln]

i.e. there is an additional term for the current-current contribution. This interaction
term is usually negligible for single molecules, but not necessarily in a solid: it is the
origin of the magnetocrystalline shape anisotropy through the spin-dipolar interaction
it contains. It also explains the magnetic force between two (macroscopic) wires. In
the non-relativistic limit the prefactor® 1/c? vanishes, and with it the current-current
contribution.

The Kohn-Sham equations (2.8), effective one-electron Schrodinger equations, now
have to be replaced by Kohn-Sham-Dirac equations, which are effective one-electron

Dirac equations”:

(ca (P — eAe(r)) + Bmc® + epe(r)Ls) i (r) = €905 (r). (2.10)

The wave functions v; (Kohn-Sham orbitals) are now four-component Dirac spinors.
The effective Kohn-Sham scalar and vector potentials pe.g and A.g are

e? n(r') ., 6By
Soeff(r) = Spext(r) + dreg / |I' — I'/|dr + 577,(1‘)7 (2.11)
(5EXC
A = Acx X 2.12
o) +r) 4#60 A / v — o) (212)

The term Ayt takes account of an external magnetic ﬁeld and, accordingly, vanishes
if there is no such external field.

2.6 Relativistic Spin Density Functional Theory

Spin-current DFT brings with it the problem of finding a good approximation for
the exchange-correlation contribution Ey.. To solve this problem and, furthermore,
simplify the equations to a scheme more similar to the non-relativistic one, spin-
polarised DF'T is often used instead. An overview of the field is given for example in
[47]. Compared to spin-current DFT the orbital currents are neglected here.

5The prefactor 1/c? = eopuo/47 has its origin in the Biot-Savart law.
"The Dirac equation is discussed in chapter 6. In order to clarify the notation etc. it might be
helpful to have a brief look at this chapter beforehand.
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A Gordon decomposition® of the current density in the absence of a magnetic field
yields

. . 1
J(I’) = Jorb(r) + %v X m(r) (213)
where j,,, is an orbital current, not discussed further here. m(r) is the spin magnet-

isation density. Neglecting the orbital currents j;, the Kohn-Sham-Dirac equations
take the form

(cap -+ fme? + V() ) o) = xvs(o), (2.14)
where V is a 4 x 4 matrix given by:
V) = eper(r)l — pfEB(r)
( w(r)IQBWB(r> ep(r)L J(r)/wB(r) ) (2.15)

a ( i Vd0<r> ) |

The B field and the scalar potential ¢ can be calculated from the above defined
potentials V¢, V¢ via

o(r)ly = Q%(Vd(r)+V“(r)), (2.16)
oB(r) — ;M(Vd(r)va(r)). (2.17)

Instead of the electron density n(r) in the non-relativistic case or n(r) and j(r) in
the relativistic spin-current case, now the densities n'(r), n™(r), n*'(r), n*(r) are
used, defined as

n(r) =3¢l ()] (), o, fe{t, 1} (2.18)

In the method I implemented goZT and cpf are calculated by transforming the resulting
four-vector wave function from the (k, ) basis into the (I, m;, ms) basis.

The (physically more intuitive) quantities, electron density n(r) and spin magnetisa-
tion density m(r), can be calculated via

n(r) = > n®(r)=n"T(r)+nM(r) (2.19)
m(r) = Z o“Pn(r) (2.20)
a,B

8The CGordon decomposition is a field theoretic method developed by W. GorpoN [48], which
allows to separate the current into an outer, orbital term and an inner part, depending on the
internal state of the electron (the spin density term). The book by STRANGE [49] contains a section
explaining the physics behind this decomposition.

9¢f. section 6.3 for details
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where each o matrix is written as

"o
o g
- . 221
4 <Uu Uu) (2.21)

2.7 Exchange-Correlation Energy Functionals

The exchange correlation energy is generally unknown. The simplest approximation
for the non-relativistic case is the local density approxzimation (LDA):

Exc[n] = /n(r)exc[n(r)]dr (2.22)

where ex.[n] is the exchange correlation energy per electron of a homogeneous electron
gas that has a constant density n. This quantity has to be evaluated only once and
from then on calculating Fy.[n] means only evaluating the integral above. For a
homogeneous electron gas the method is exact, but for other systems it often yields
good results, even if their electron density is (globally) strongly inhomogeneous.

An attempt to improve LDA is the generalised gradient approzimation (GGA) that
includes also a gradient term. In some cases, however, GGA does not improve the
results but, surprisingly, even worsens them.

In spin-polarised DFT calculations the local spin density approximation (LSD) can
be used!?:

Ec[n,m] = /n(r)exc[n(r), |m(r)|]dr. (2.23)

For possible approximations in spin-current DFT see ENGEL et al. [50]. Apart from
an overview of different relativistic approximations of Fy. their accuracy for various
systems is evaluated. However, a reliable approximation for Fy. remains a serious
complication in spin-current DF'T, also because this quantity plays a more dominant
role here than in non-relativistic DF'T. The reason is that the number of electrons in the
core region increases with Z, so that the exchange-correlation contribution to the total
energy also increases. Apart from that, with in increasing density also the electron
momentum increases!!. Therefore the speed of the electrons’ motion is high for heavy
elements, meaning that relativistic effects become non-negligible. Consequently, the
exchange-correlation functional accounts for an increasing proportion of the total
energy as the atomic number increases.

Here the non-collinear approximation is shown. In the collinear approximation the projection of
the spin magnetisation m to a certain axis (usually m.) is used instead of the absolute value |m)|.
1T make this plausible consider for example the homogeneous electron gas, where the highest

possible momentum is kr = (37r2n)1/3, for a given (constant) electron density n.



3 Korringa-Kohn-Rostoker Green Function Method

The KKR method is mostly used to calculate the electronic structure within
the DFT formalism. Originally the method already emerged in the late 1940s
but received only modest attention. It was extended by the Green function
formalism, by incorporating full potentials, by changing the reference system
for higher numerical efficiency (Screened KKR) and by the development of
a fully-relativistic scheme, now making it a powerful electronic structure
tool that is of advantage especially when dealing with systems of broken
translational symmetry. This chapter outlines the main ideas of the multiple
scattering Green function theory, as a context in which to understand the
single-site problem, the focus of this work during the chapters that follow.

3.1 Overview and Historical Development

The Korringa-Kohn-Rostoker (KKR) method for the calculation of the electronic
structure of materials was introduced as a band structure method already in 1947 by
KORRINGA [8] and in 1954 by KOHN and ROSTOKER |7]. Accordingly its development
started even earlier than the development of Density Functional Theory (DFT).
However, its full strength became evident only after it was extended to a Green
function method and embedded into the framework of DFT calculations. Good
introductions to the methods are given in [51, 52].

The KKR method itself consists of two steps: first the single scattering problem is
solved, i.e. the problem of one electron scattered at a single potential in free space.
This problem is solved for each scattering potential, i.e. for each atom of the system
under consideration, and its solution is described by the ¢ matrix (cf. section 5.4).
The second step is to solve the multiple scattering problem, which means solving the
equation of one electron scattered at many different potentials. In order to do so,
starting from the single-site scattering solutions, one applies the condition that the
incident wave at each scattering centre has to be equal to the sum of the outgoing
waves from all the other scattering centres. By splitting up the problem into these
two steps one obtains a separation between the potential and structural properties of
the system.

Originally the KKR method was designed for the simpler case of spherical potentials
only. The generalisation to potentials of arbitrary shape |26, 53, 54] was an important
improvement in the method, as the non-spherical contributions play an important
role for systems with reduced symmetry.

Furthermore, even though KKR was originally developed for the Schrédinger equation,
it is possible to formulate it for the Dirac equation, maintaining the structure of the
key equations in the method [31]. This was first done for the spherical case, but
then also for potentials of general shape [30]. Another improvement of the method
was the development of Screened or Tight-Binding KKR. By replacing the free space
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reference system by a system of repulsive potentials, the numerical efficiency of the
method can be strongly improved [55].

3.2 Introduction to Green Function Theory

Green functions form the basis of a technique for solving partial differential equations
(PDE). A detailed examination from a mathematical point of view is given in the
books by ROACH [56] or DUFFY [57], whereas ECONOMOU [58] provides a physicist’s
point of view. The aim of this section is to give an introduction pointing out the main
concepts and properties important within the theory of multiple scattering without
being mathematically completely rigorous.

For our purposes we need inhomogeneous linear first order (in the case of the Dirac
equation) or second order (in the case of the Schrodinger equation) PDE in three (or
four, in the time-dependent case) dimensions. Such a PDE can be expressed by a

. . 2 2 2
differential operator L = L(r, a%, 8%, %, 88?, 837831’ s %) and a source term f(r) as
Lu = f, (3.1)

where u(r) is the (unknown) solution of the PDE and r = (z,y,z). It would be
convenient if one could invert the differential operator and solve the equation directly
as u = L™!f. If L is a differential operator, obviously L™! has to be an integral
operator. That is exactly the philosophy of the Green function method. By the use
of an auxiliary function G(r,r’), namely the Green function, the integral equation
can be written as

u(r) =L~ f(r) = /G(r, ') f(x')dr. (3.2)

The Green function G is also called the kernel of the integral operator. As it is
generally unknown and also depends on the boundary conditions, the problem of
solving the PDE is transformed into the problem of finding the Green function and
afterwards calculating the integral. However, G does not depend on f, and that is
the main advantage of the method — once the Green function for a certain differential
operator L is known, solving the inhomogeneous equation requires only the evaluation
of an integral.

A useful tool within the Green function theory is the Dirac § function. As LL~™! =1,
one may formally write

u(r) = LL Mu(r) = L/G(r,r’)u(r’)dr’ = /LG(r,r')u(r’)dr’. (3.3)

The ¢ function, which in fact is not a function but a distribution (also called a
generalised function), is defined as the kernel of the integral above, i.e. it fulfils

u(r) = /6(1" —r)u(r)dr'. (3.4)
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The concept of distributions makes it possible to differentiate (generalised) functions
at points where they are classically not differentiable. For example also the § function
is the derivative of a function (the Heaviside step function).

From equation (3.3) and the definition of the ¢ function (3.4) we obtain the relation

u(r) = /5(1" —r)u(r)dr’ = /LG(r,r’)u(r')dr/. (3.5)
Thus, using the § function, a Green function can formally be defined by the equation
LG(r,r') =46(r' — r). (3.6)

With the Green function method we can determine a particular solution uP®* of a
non-homogeneous differential equation. The full set of solutions {u;} is then given by
the set of the solutions {u?} of the homogeneous equation Lu = 0, plus the particular
solution, found with the Green function method:

{u;} = {uP +u}. (3.7)

The differential operator which will first be of interest here is L = A + k2, where A

2 2 2 . . .
denotes the Laplace operator A = % + 8872 + % The corresponding differential
equation is the Helmholtz equation

(A+k)u=0 (3.8)

in the case of no source term (i.e. no potential) or, in the general case with a source
term

(A+E)u=f (3.9)

In the setting we will examine it will be u = ¢ and f = V. We will see in chapter 4
how this equation emerges from the physical setting and how to determine its Green
function.

3.3 Green Function and Electron Density

The Schrédinger equation for an electron in a potential (see eq. (4.2)) is an equation
of the form Lu = f (cf. eq. (3.1)) and it can thus be solved using Green functions.
The same applies for the Dirac equation. In that way the calculation of all the
eigenvalues F, and corresponding eigenfunctions 1, can be avoided. The Green
function contains all the information that the eigenfunctions contain, in particular
the electron density (see eq. (2.5)) can be calculated as an integral of the Green

function!?:

2 Er
n(r) = —WIm/ Gy v 2)dz, (3.10)

12This expression holds for non-relativistic calculations and scalar relativistic calculations without
spin-polarisation.



18 3 Korringa-Kohn-Rostoker Green Function Method

where the factor 2 arises from the spin degeneracy. Here G™!! is the Green function
of the complete system, which is calculated from the single-site Green functions G
as described in the following section 3.4. To increase the numerical efficiency, the
analytical properties of a Green function are used by introducing a complex energy
z = F 4 iI" and solving the integral by a contour integration in the upper half of the
complex plane. This avoids the singularities of the Green function on the real axis
and thus leads to accurate results already for low numbers of quadrature points. The
contour runs over all occupied states, i.e. it starts at an energy Ej below the bottom
of the valence band and runs up to the Fermi energy Er. Close to the Fermi energy
the integration mesh should be chosen denser than the rest of the contour, since a
higher accuracy is required here to obtain good results.

3.4 Multiple Scattering

As it is the focus of this work, the single-site problem will be discussed in great detail
in the following chapters. This section will give a short overview on how to proceed
in obtaining the Green function for the full system using multiple scattering theory,
once the single-site Green functions for all sites are known. All equations will be
given for the relativistic case. However, they hold for the non-relativistic case, too,
when replacing the index A = (k, ) by L = (I, m).

In terms of wave functions v; at the different sites ¢ the multiple scattering condition
(a detailed mathematical discussion gives [59]) says that the incoming wave at one
site should be equal to the outgoing waves from all the scattering centres. This is
schematically shown in figure 3.1, the corresponding formula is:

Po(r) = r(r (3.11)
J#i

From this condition one can derive a formula for the Green function of the whole system
G'(r,v' W) from the single-site Green functions at the different sites G*(r, r/, W),
namely'?

GM(r + R\ x' + R, W) = 6;;G'(r,x/, W) + > Rj(x ZGAA,RJ, '), (3.12)
A

where W denotes the relativistic energy (cf. eq. (8.10)). The formula contains the
wave functions Rf\ of all sites 4 in an angular momentum basis, that are determined
from the Lippmann-Schwinger equation'* . The wave functions depend on k (or,
equivalently, on the energy W), however, this dependence is suppressed here to

BOverlined letters, such as ﬁi A7, denote left-hand side solutions. For details see chapters 8 and
10.
HMef. eq. (5.12) and eqgs. (10.13) to (10.16) for the non-relativistic and relativistic case, respectively
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Figure 3.1: Schematic picture of the multiple scattering condition. (a) An incoming wave
Pin¢ is scattered at the potential V (r + R3). The scattered wave strikes the other potentials.
(b) Scattering at the other three potentials yields three scattered waves. Further orders, i.e.
scattering of these waves, will be neglected in this schematic picture. (¢) The scattered waves
hit on the potential V(r + R3). According to the multiple scattering condition, the incoming
wave for this potential must be equal to the scattered waves from all the other potentials.
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simplify the notation. Furthermore the formula contains the so-called structural Green
functions G%A,(W) that are also k-dependent (or, equivalently, energy-dependent)
expansion coefficients. They can be calculated from the ¢t matrix by the Dyson
equation:

Gy =98 DD gk Y thuam Gy (3.13)

A n A

This is a system of linear equations that can be solved e.g. by Gauft elimination.
th o, are the single-site ¢ matrices that can be calculated from the wave functions Rf\
(cf. eq. (5.34) in section 5.4 for the non-relativistic case or eq. (10.66) in section
10.4 for the relativistic case, see also [30, 60]). The coefficients g}/,, are, for fixed
scattering centres, constants independent of the potentials, i.e. they only depend on
the structure of the system under consideration. The index A = (k, 1) denotes the
quantum numbers in an angular momentum basis for the relativistic case (see section
7.5) and has to be replaced by L = (I, m) in the non-relativistic case (see section 4.2).

A detailed derivation of the equations can be found in [26] for the full-potential
Schrédinger case.

3.5 Full Potential

In the original form of the KKR method one could only treat spherical potentials.
Let us first consider the non-relativistic case. The restriction to spherical potential
means that in a potential expansion of the form (cf. sections 5.2 and 5.3)

V(r) =Y Vi(r)YL(d) (3.14)
L

only the first component with L = (0,0) is taken into account. Here r is the
radial coordinate and r = (0,¢ ) denotes the angular coordinates, Y7,(f) are spherical
harmonics!®. This simplifies the calculations significantly, as instead of systems of
coupled equations only decoupled single equations have to be solved (see section
10.8 for a detailed discussion in the relativistic case). The equations of the previous
section 3.4 also become simpler when using spherical potentials only.

The generalisation to potentials of arbitrary shape [26], however, showed that the
additional effort for calculations using the full potential scales only linearly with
the number of non-equivalent atoms. As it is important for systems with broken
symmetry, this modest increase in computational effort is totally acceptable and
only in the full-potential scheme KKR shows its full strength in comparison to other
electron structure methods. Such systems include surfaces, impurities in bulk material
or on surfaces, tunnel junctions or interfaces. Also when calculating forces and lattice
relaxations a full-potential treatment is required, as for these problems the spherical
approximation fails completely [10].

5for the definition of spherical harmonics see the digression on page 47
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Whereas in spherical potential calculations the Wigner-Seitz cells are approximated
by spheres, in the full-potential treatment these spheres are replaced by the exact
Wigner-Seitz cells, i.e. by space-filling and non-overlapping cells. This is realised by
convoluting all integrals with shape functions O(r). They equal 1 inside a Wigner-
Seitz cell and 0 outside. The shape functions are expanded in spherical harmonics,
just like the potential:

O(r) =Y Or(r)YL(t). (3.15)
L

This type of expansion will also be applied to the wave functions, thus separating
radial and angular parts of the equations, e.g. of the Lippmann-Schwinger equations.

In the relativistic case the idea remains unchanged. However the potential here is a
4 X 4 matrix, expanded in spin spherical harmonics. I derive an expansion for the
potential in section 10.5, based on the hermicity of the 2 x 2 sub matrices, which has
the form

= a b T/ P 0
V= ZZ ( Xa(F) OA ) ( U/C\A/(T) UQA/(T) > X () o . (3.16)
Y 0 xx(®) viar(r) i (r) 0 xp(P)
The first matrix has dimensions 4 x 2, the middle one 2 x 2 and the last one 2 x 4,

resulting in a 4 X 4 matrix. From the potential expansion I derived an expansion of
the relativistic Lippmann Schwinger equations (section 10.6).

3.6 KKR GF Algorithm

The chapter about the KKR Green function method will be concluded with an
overview of the algorithm. It anticipates many equations from discussions in the
following chapters, so when reading it for the first time it should only be seen as a
rough overview without the need to understand it in full detail. After having further
reading, it might be helpful as a reference for identifying which are the key steps
within the calculation.

1. Starting point of the calculation is the Green function of a free electron
G (r,r',2), cf. eq. (4.15) or eq. (9.3) for the non-relativistic and the re-
lativistic case, respectively. For this function there is an analytically known
expression.

2. The system is divided into atomic cells and the wave functions for each cell are
calculated from the Lippmann-Schwinger equation, that is eq. (5.12) in the
non-relativistic case or equations (10.13) to (10.16) in the relativistic case, here
shown for the regular right hand side solution:

R(r) = Ja(r) + /dr’GO(r,r’;W)V(r’)RA(r). (3.17)



22

3 Korringa-Kohn-Rostoker Green Function Method

Mathematically, one has to solve an integral equation. The method chosen in
this work is by using Chebyshev quadrature and rewriting the integral equation
into a system of linear equations, as explained in chapter 11.

. After the wave functions are known, the ¢ matrix elements can be calculated.

In the non-relativistic case this is done via eq. (5.34) or in the relativistic case
via:

tan = /JA/(r')V(r’)RA/(r')dr. (3.18)

. The coefficients gf\jA, have to be determined, see [26] for the formula and a

derivation. They depend only on the position of the scattering centres, i.e. for
fixed positions they are only energy-dependent.

. The Dyson equation (cf. eq. (3.13))

GXA’ = gj‘\jA/ + Z Z gj\nA// Z tX//A/// GXJ///A/ (319)
A n A

for the structural Green functions G Aas has to be solved. It is a system of linear
equations that can be solved by standard methods.

. The single-site Green function is also calculated from the wave-functions via eq.

(10.19)

G(r,x' . W)=0 ¢ —r) ) Ra(r)Sa(r) +0 ¢ —1)>_ Sa(r)Ra(r) (3.20)
A A

for the relativistic case. For the non-relativistic case the same equation holds,
except for changing the index A to L and using the non-relativistic wave
functions instead.

. The last step is the calculation of the Green function for the full system

GM(r+ R Y + R/, W) = 6;;G'(r, 7, W)+ > _Rj(x ZGM,R’, ") (3.21)
A

(cf. eq. (3.12)). This Green function contains the whole information, in
particular it can be used to calculate the electron density via eq. (3.10).
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4 Free Particle Green Function

The Green function of an electron moving freely without the influence of
a potential plays an important role in the KKR theory. This is due to the
fact that the free electron is the reference system used for calculating the
Green function of the electron with the influence of a potential later on. The
free space Green function can be calculated analytically, and in an angular
momentum basis it can be expressed through the free space wave functions
in this basis.

4.1 Derivation

As the Green function plays a vital role in multiple scattering methods, this function
shall be calculated for the non-relativistic electron, i.e one that is moving at a speed
which is small compared to the speed of light. The wave function 1 of such an
electron is described by the (stationary) Schrédinger equation

2
(- g+ V) ) () = Ew), (4.)

where m is the electron mass, i the Planck constant, V' (r) a scattering potential and
FE the energy. This equation can be rewritten as

hQ
S (A R) $)=V(E)) (4.2)

m
where k is defined by h%k%/2m := E. It is helpful to consider first the problem of
a free electron without any scattering potential — not only because this is easier
to tackle but also because the result will be needed in future calculations of Green
functions. In this case of a free electron the right hand side of the integral vanishes
and what is left is the homogeneous differential equation

L (A+ k) y(r) =0 (4.3)

2m '
which we recognise as the Helmholtz equation. The solutions of this equation for a
given energy E are all the plane waves ¢ (r) = e fulfilling h%k%/2m = E. The
corresponding Green function is defined by

h? 2\ A0

o (A+ k%) Gy (r,r; E) =6(r — ') (4.4)
with the index nr indicating that it is the non-relativistic Green function. Here a
third argument or parameter F is introduced to the Green function, to point out
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that it depends on the energy. To solve the equation, one can start from the integral
representation of the Dirac § function

S(r—1') = (2717)3 /eiq(rr/)dq. (4.5)

Inserting this into the definition of the Green function and bringing the differential
operator to the other side of the equation yields

2m 1 1 . /

0 /. _ 2 iq(r—r’)
G, (r,r;  E) = (A+EY) (27r)3/e dq (4.6)

_ 2m 1 2y~ jia(r—r')
= 52 (27r)3/(A+k) e dq. (4.7)

Since (r—)
q r—r ) ,

(A+k) S === = efalr=’) (4.8)

as it can directly be verified by performlng the differentiation, one obtains

2m 1 gla(r—r)
0 LY —
GY (r,v;E) = 7 n)° / R dq. (4.9)

The integral can first be rewritten into spherical coordinates. Defining x :=r —r’

and choosing the coordinate system in x-direction, i.e. x = ze;, one can simplify
. o ; y
ezq(r r') _ el cosG’ so that

'@m 1 2m ™ () etz cos(0)
0 ! 2 o
) = d do 0———d 4.1
Gy (r,1; E) 2 (27T 3/ ¢/ / ¢ sin 0 5da (4.10)

1 qucos( )
= / df / q Sln9 5-dgq
277)

—iqx

_2m 1 /OO el e d
- R2 (27m)Z%iz ), 2 —q? 1

B 2m 1 /oo eiqac J +/0 eiqac J
T oW ey TRt e =™

2m 1 o0 etq®
TR (2n)ix / I

The resulting integral has poles for ¢ = k and ¢ = —k, both of order 1. Its value is
therefore undefined unless a certain path of integration is specified. If we remember
the previous section, where it was pointed out that the Green function depends on
the boundary conditions, this makes sense — because so far we did not specify the
boundary conditions. We will first choose a closed integration path v with the pole
at k lying within the path.
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Digression: Residue Theorem

Let f be an analytic function (locally representable by a power
series) within a simply-connected domain G except for isolated
singular points. Then:

N

/f(z)dz = 27TiZI‘€S[f(Z); ay)
gl

=1

where 7 is a closed, rectifiable (“piece-wise smooth”) curve in G
which does not intersect the singularities of f, and ag, k =1,..., N
are the singular points within +. The residue is

sl e = o i (S - )" 2)

(m—1)! z1—>a

for a pole of order m.

Using the residue theorem the integral can be solved:

1 iqx
GO (r,x';E) = 2}_:;1(2752@% . 27m‘lz:;res [qm,al] , (4.11)
where a1 = k and
res [qk;_qual] = S‘;grllc <(q — k)q(k—;)q(k:—l—q)> (4.12)
ST
_ _%eik:c7
thus e om 1,
G, (r,r; E) = —ﬁmez . (4.13)

Choosing a different integration path -~ which contains the pole ¢ = —k and not ¢ = k
and performing an analogue calculation yields

2m 1

0— /. _
Crr (015 ) =~ e

e e, (4.14)
These two Green functions obviously have a different behaviour for x — oco. Thus

the boundary conditions imposed on the Green function determine the value of the
— otherwise undefined — integral which was seen in its calculation. There is also a
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physical interpretation of these boundary conditions: G describes an outgoing wave
whereas GV is an incoming wave. Here GO, := GOI is the function we are interested
in. In short:

The Green function corresponding to the outgoing wave of a non-relativistic free
electron is given by
oM otklr—r'|

e "Fy=-"*F—~
(115 B) h? 4xjr — /|

(4.15)

4.2 Angular Momentum Expansion

For calculations later on the angular momentum expansion of the Green function will
be important. The reason being, that by writing down angular momentum expansions
for all the relevant equations it will be possible to separate the problem and solve the
sub-problems for different values of [ and m.

Let us start by recalling the partial wave expansion of a plane wave: For a spherically
symmetric scattering potential V' (r) = V(r) states of different angular momentum
are scattered independently. It is therefore convenient to expand the wave in terms
of superposed partial waves with different angular momentum. This expansion shall
not be derived here but just be stated:

eik~r _ eikrcos(Q) — ZZZ 2[ + 1 ]l ]{T)B(COS 0) (416)
=0

_ 4ﬂzimfm<k>n,m<f>jl<kr>
= 4r Z 1 YL (®)ji(kr).

In the last step a combined index L := (I, m) was introduced to simplify the notation
and I = (¢,0 ) denotes the direction of the vector r. Now let us look at the functions
Ji, P, and Y} ,,, in some short mathematical digressions. First an overview of Bessel
and Hankel functions:
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Digression: Bessel and Hankel functions

Bessel’s differential equation

d’y | dy
72 2 2
— +trz—+ (@ —n")y=0
where n can be an arbitrary complex number (but in the cases of
interest here will be an integer) has as solutions the Bessel functions.
If n is not an integer, two linearly independent solutions are given

by J, and J_,, where

1 )27“+n

o0
Z n+r+1 rl’
r=0

These functions are also called the Bessel functions of first kind. In
contrast, if n is an integer the two solutions are given by J, and
another function N,, which is called a Bessel function of second
kind or also a Weber or a Neumann function:

L dyla) cosipm) — L_y()
Na(a) : 1}—>n sin(pm) '

Both sets of functions can alternatively be defined using integrals
of trigonometric functions. They form a basis for the vector space
of the solution of the differential equation. An alternative basis is
given by the Hankel functions

HE) (2) := Jy(z) £ iNy(2).
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For the partial wave expansion of a plane wave and also for the expansion of the
Green function, the so-called spherical Bessel functions are needed. Thus a quick
overview of those as well:

Digression: Spherical Bessel functions

When examining the free movement of a particle with a given
angular momentum, one has to solve the Helmholtz equation

(A + K?) ¢=0.

Separation of variables eventually yields the following radial part:
2

d d
289 4 90p % L 22— 11+ 1]y = 0.

v dx? dx

Two linearly independent solutions are the spherical Bessel and
spherical Neumann functions:

ge) = \/ZJM/Q@:)(—:U)Z (j‘;)l e
m@) = T Yiale) = () (1;‘i>lj

Two different linearly independent solutions are given by the spher-
ical Hankel functions:

hl(l)(x) = gi(x) 4+ ing(x)
W(x) = ji(z) - ing(a).

The Bessel function vanishes as £ — 0 if [ > 1 and is called the
reqular solution. The Neumann and Hankel functions diverge and
are called irregular solutions. Here only the function hl(l)
interest, thus the definition h; := hl(l) will be used throughout this
work.

is of

And finally the Legendre polynomials and spherical harmonics:
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Digression: Legendre Polynomials and Spherical Harmonics

The Legendre polynomials are given by

1 ar
~2np) dan

P (x) [(2? — 1)"].
They are solutions of Legendre’s differential equation. Moreover,
there is also a general Legendre equation, which is solved by the
associated Legendre polynomials:

(_l)m lerm

Py(x) = Tl!(l — z%)m/?

They are also used to define complex spherical harmonics:
Yim(0,6) = N €™ P, 0 (cos 6).

N is a normalisation constant given by N = A, Cp, (Condon-
Shortley convention) where

P RS YR
bim| = Ar (I + |m))!

C mt|m| 1, m < 0orm even
= 1 =
" —1, m > 0andm odd.

The spherical harmonics are a set of solutions of the angular part
of the Laplace equation. They fulfil the orthonormality relation

2w ™
/ d¢/ sin ngYLm (G,qb )le;k,m’ (G,qb) = 6ll’5mm’
0 0

and the completeness relation

00 ! ) o . | |
;m;%,mw@mm(e ¢) = 75000 = 0)5(6 — &)

As a consequence, any complex square-integrable function can be
expressed in terms of complex spherical harmonics:

o) l
F0,0)=>"3" fimYim(0,0) =D fLYL(®).
L

=0 m=-1

Here L := (I,m) and t = (0,¢ ) are defined.
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The starting point is to derive the expansion of the integral formula for the Green
function (4.9), which can be rewritten as

2m

1 1 iqr ,—iqr’
G (r,v',E) = PRCE / 7 _q2eq e " dq. (4.17)

Now insert the partial wave expansion of the plane wave eq. (4.16) into this expression,
yielding GO, (r,v', E) =

2m 271- /k-2 [4WZZ YL Jl qr ] [4WZ YL/ YL’( )]l/(qr )‘| dq.
(4.18)

This expression can be rearranged and rewritten into spherical coordinates, remem-
bering that = (6,,¢,) and q = (6,, ¢4) represent the angular part in spherical
coordinates of # and q respectively: GO (r,r', E)=

22 e i) [ My @y @aa 9

h2 ~ 2
2m 2 . N7 2
— ﬁ; Z |:’Ll<_7,)l YL( YL/ </ d9/ d¢81n9YL( )YL/( )>
L,L’

, (/0 aql le(ggr)w(qr)>]

Inserting the orthonormality relation for spherical harmonics as stated in the digression
on the preceding page and, furthermore, using il(—i)l/éL’L/ =il(=i)l =1for L =1,
one obtains

GO, (r,Y'\E) = ?iZ[YL(f)YE(f’) ( /0 ”qul;grjj;ngq)} (4.20)

- zij [YL@)YE(f') ( /_ Z quﬂ '

The last step uses the fact, that the integrand is an even function. That can easily
be verified by inserting into the definition of the spherical Bessel functions

i =t () SR o (LAY 2 i

T dx T

and noting that (—1)QZ = 1. We proceed making the following definition:

1 [ ¢%5i(qr)gi(qr
Gnrl<rv T'/,E) = 7T/ Jl]iQ _)jcll(g *) dq. (4.22)

This integral has to be solved by contour integration in the complex plane, again
using the residue theorem. However, because j;(qr)jr(qr’) does not vanish along a
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semi circle in the upper half plane, the expression has to be rewritten into spherical
Hankel functions and different cases have to be taken care of. The necessary steps
can be found in [61]. The result is given by

GO (r,7', E) = —ikji(kro)h(krs), (4.23)

nr,l

where r~ := min{r, '} and r~ := max{r,r’}. Furthermore defining

Jrr (1) Ji(kr)YL(E), (4.24)
Jro(r) = gi(kr)YL(8), (4.25)
HkL(I') = hl(k}"f’)YL(A) and (4.26)
FkL(I‘) = hl(kT)YIj (f‘), (4.27)
the final result for the Green function is obtained:
2m <
G (v E) = ez Z Yi(R)Yy (I'/)Ggw,z(ﬁ ', E) (4.28)
L
. 2m AN
= —ikTy D YLE)YEE)ji(kr<)h(krs)
L
. 2m / = / ’ -5 /
= _Zkﬁ (@(7’ — ) Hyp(v)Jip(r') + O ¢ — r)Jpp (v)Hyp(x ))
L

This important result in short'6:

The partial wave expansion of the non-relativistic free electron Green function is
given by

Gy (r,v', E) = —iké—? > (00 =) Hyp(r)Trp(r') +© ¢ — ) Jer (v) Her (x'))
L

(4.29)

16Remark: when using real spherical harmonics instead of the (“normal”) complex ones used here,
the functions Jyxr and Jy; are identical, the same holds for Hy;, and Hyr. Hence, in that case
the equation can be written in a more compact form. However, in the relativistic case that is not
possible any more. Therefore, the form above is instructive inasmuch as it has exactly the same
structure as the relativistic free particle Green function will have.
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The Lippmann-Schwinger Equation is a reformulation of the Schrodinger
equation (or later the Dirac equation) into an integral equation, derived
by exploiting Green function theory. The integral equation contains the
free space Green function, calculated in the previous chapter. From the
Lippmann-Schwinger equation the solutions for the wave functions become
accessible.

5.1 Derivation

Up to now only the case of a free electron has been examined. The Lippmann-
Schwinger equation connects this free electron case with the general case, i.e. with the
solution of the Schrodinger equation (4.2) for a particle (electron) under the influence
of a potential V. Basically, it is nothing more than a general equation from Green
function theory applied to the Schrédinger equation, namely the equation (3.2) that
we first used to define a Green function. In the physical notation of the Schrédinger
equation setting this equation is rewritten as

wpartC(r) _ L*1V< wpartc /G r, r E (r/)wpartc(r/)dr/‘ <5~1)

However, a complication here arises from the fact that the source term V1) itself
contains the function 1 that we are looking for. Therefore, even after having found
the Green function, the problem in this case consists not only of solving an integral
but an integral equation.

As the notation ¥P¥*¢ already suggests, this is the particular solution, i.e. one out
of many possible solutions of the inhomogeneous equation. According to the theory
of differential equations, the general solution 1 of the inhomogeneous equation is
given by the sum of the particular solution 1P with the set of all solutions of the
homogeneous equation {¢{}:

i = PP 4 (5:2)

The latter, as already mentioned, are all the plane waves

Up(r) = ™. (5.3)

fulfilling the energy relation h?k?/2m = E. So we obtain the general solution:
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The general solution of the Schrodinger equation for a particle (electron) under the
influence of a potential, is given by the Lippmann-Schwinger equation:

e ( /G r, v’ B)V (") (v))dr, (5.4)

where ¢ (r) = ¥, h?k?/2m = F and GY, is given by eq. (4.29).

5.2 Angular Momentum Expansion

The next aim is to derive an angular momentum expansion of the Lippmann-Schwinger
equation. In equation (4.16) we already saw the partial wave expansion of a plane
wave, which we want to apply on 1/11(1 here. We first define

Vi (r) = Yi.(2)ji(kr) (5.5)

to obtain
Yo(r) =¥ = 47TZ@YL (£)ji(kr) (5.6)
= 4wZzYL YR (r). (5.7)

We then expand the solution ¥y in a analogue manner

_4WZZYL ) () (5.8)

but with unknown functions . Inserting (5.6) and (5.8) into the Lippmann-
Schwinger equation (5.4), multiplying by Y7, (l;), integrating over k and using the
orthonormality of the spherical harmonics [V (k)Y (k)dk = 0z, we obtain the
following equation:

Zilka@‘)stL' = Zil I:Q/J2L<P) —I—/Ggr(r,r’;E)V(r')ka(r')dr/ (5LL’ (5.9)

L L

which is equivalent to

Y (r) = Yo, (v /G r, v’ )V (") (r')dr’. (5.10)

Thus we can summarise:
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The angular momentum expansion of the wave function ¢ for a particle (electron)
in a potential V is given by

—47TZZYL g (1) (5.11)

where Y7, are (complex) spherical harmonics and vy, are determined by a Lippmann-
Schwinger type equation

Yrr(r) = YR (r /G r,v'; B)V (/) (v')dr'. (5.12)

For this Lippmann-Schwinger equation there are two types of solutions, the regular
and the irregular ones. The regular solutions Ry, are the ones that are not singular
for r = 0, whereas the irregular ones Sy, diverge as r goes to zero. Furthermore, for
both of those solution there is a right-hand side solution and a left hand-hand side
solution. In the Lippmann-Schwinger equation this difference is taken account for by
choosing a different source term out of eqs. (4.24) to (4.27). The regular solutions
are defined as follows:

The Lippmann-Schwinger equations for the regular wave functions Ry, (right-hand
side solution) and Ry, (left-hand side solution) are given by

Ryp(r) = Jip(r /G r,v'; E)V(r') Ry (v))dr’ (5.13)

RkL( JkL /G r, I‘ E ( />RkL(I‘/)dI". (5.14)

The free space solutions Ji;, and Jyp, are defined by eqgs. (4.24) and (4.25).

The source term of a Bessel function is chosen because the Bessel functions are regular
at the origin. For the irregular solutions it will be Hankel functions instead, see eqs.
(5.73) and (5.74).

5.3 Coupled Radial Equations

The Lippmann-Schwinger equations can be rewritten into radial equations, i.e. equa-
tions where the angular part is separated and the equation contains a one-dimensional
radial integral only instead of the three dimensional integration of the previous section.
The price for this simplification is that the resulting equations have double indices
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and form a system of coupled!” equations. The derivation here will be shown for
the regular right-hand side solution, however, the results are analogous for the other
solutions.

We start from eq. (5.13), expand Ry, and V' in terms of spherical harmonics and use
the angular momentum expansion of the Green function (4.28):

V) = D ViYL (5.15)
L
Rir(r) = > Rpp(r)Yu(f) (5.16)

2m
G%r(rv rlaE) = FZYL( )YL (r/)Gnrl(r7 TlvE) (517>
L
Inserting the expansions into eq. (5.13) yields:
Z RL///L(T)YL/// (f‘) = jl(kT)YL(f')

I
[ (Z YL/// YL/// )G U (7‘ 'l“ E))

o
' <Z VL””(r/)YL””<f'/)> (5.18)
o
<Z Ry (r')Ypo (2 )> ] dr!
I

The next step is a multiplication by Y;,(t), then integrating over  and using the
orthonormality, i.e. [Y7,(#)Y (#)dE = 611

> Rpwp(r)oppm = jikr)dpy +

(Z oprpm YL”’ Gm" 14 (’I“, Tl’ E>>

L/// L///
(Z VL//// YL//// )) (5. 19)
L////
(ZRL//L Yurs >>]drc
L//

1"Tn the case of a spherical potential they decouple, as shown for the relativistic case in section
10.8.
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Computing the sums over Kronecker § yields:

Ryp(r) = jilkr)opy + (Vi ()G (77 ) ) (5.20)

2

Using the relationship dr := r2sin(6)d¢dfdr = r2drdt the integral is rewritten into

spherical coordinates:

2m

Rpp(r) =gi(kr)or + ﬁ dr"r’QGmnl,(r,r',E) (5.21)
/ YL’ (Z VL//// YL//// ))
L////
(Z Ry (XY (& ))
LI/

where S denotes the radius of a sphere outside of which the potential vanishes. This
can be rewritten as

. 2m
RLIL(T') = jl(k’f')(sLL/ + ﬁ / dTIT/ZGnr l’(T7 T’/, E) (522)
Z / df'/ YL’ YL//// ( )YL// ( )) (VL//// (r’o/)RL//L (,rl))
L/ L
::Cfll/L////

and by defining

VL/L// Z CL//L//// VL//// ( ) (523)
L

we can further simplify to obtain

S
RL/L(T) = jl(kr)5LL/ + m/ dr TIQGnT v 7”, ’f‘l, E) Z VL/L//(T‘I)RL//L(T/). (5.24)
0

k2
L

The result and the necessary definitions summarised:
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The regular solution of the angular momentum Lippmann-Schwinger type equation is
given by

Rz (r ZRL/L )Y (2) (5.25)
where
Ryp(r) = jl(kr)5LL'+2h—7?/ dr'r Gl (', B) Y Vi (') Ry (r'), (5.26)
T
Vo (r') = Y ClipmVpw(r')and (5.27)
o
ckn = / d¥'Y7 (0 )Y ()Y (7). (5.28)

The coefficients C’f,l, 1 are called Gaunt coefficients.

5.4 t Matrix

The ¢ matrix'® describes the transition between the incoming plane waves and the
scattered waves. Therefore is interesting for to its physical meaning, but it will also
be helpful later on to simplify the notation. A derivation of the expression for a full
potential has been shown by ZELLER [26].

Starting point is the angular momentum Lippmann-Schwinger equation for Ry
(5.13):

RkL( )—jl k:T‘ YL /G r, I‘ E ( /)RkL(r')dr'. (5.29)

Into this equation we insert the angular momentum expansion of the Green function
(4.28)

2m o O
Gn(rx, B) = 53 > Yo (B)Yi ()G, (rr, B), (5.30)
L/
obtaining

Ryr(r) = ju (kr)Yp (T) + (Z Yo (B) Y7 (2) Gy (7, T',E)) V(t") Ry (x')dr'.
(5.31)

Using expression (4.23) for the coefficients
Gy (r,r' E) = —ikjp (kr<)hy (krs) (5.32)

'8 The ¢ matrix is closely related to the S matrix (where the S stands for scattering), first introduced
by WHEELER [62].
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for the case r > r’ > S <= r_ =1/, r~ = r, this equation can be rewritten as
Ryp(r) = ju(kr)Yp(t)
—zk—z < / Y7 () (kr )V(r’)RkL(r’)dr’> Yy (8)hy (k)

= u(kr)Yp (&) — ikﬁ D oY (#)hy (kr)
LI

. 2m
= Jyp(r) — Zkﬁ Z tppHip(r) (5.33)
LI
where we defined
b = / V2 )iy (kr' )V () Ry ().
= /JkL(I‘/)V(I'/)RkL(I‘/)dI‘/. (534)

The integration volume is the whole unity cell under consideration. Alternatively
the ¢ matrix can be written in such a manner that it only contains a radial integral.
To derive this expression we compare the ¢ matrix with equation (5.20), observing
that the expression for the ¢ matrix “almost” turns up in this equation — the only
difference is that there is the function G%r ; instead of j;. By following exactly the
same steps as from eq. (5.20) up to eq. (5.724), that means by making an expansion
in spherical harmonics and using the Gaunt coefficients, we can derive the alternative
expression for the ¢t matrix:

tLL'Z/ r'r ju (kr') ZVL’L” )R (1) (5.35)
D L//

A physical interpretation of the ¢ matrix can be made looking at eq. (5.33): Incoming
waves are represented in a basis of Bessel functions j; (as their radial parts), with
a dependence on the angular momentum quantum number /. These functions are
regular at the origin, which is the centre of the scattering potential V. Outgoing
waves are written in a basis of Hankel functions (that are irregular in the origin).
The vector of Hankel functions is multiplied by the ¢ matrix, in this way the matrix
determines how incoming waves are scattered at the potential V. In case of a spherical
potential the ¢ matrix is diagonal, i.e. it has non-zero entries only for L = L’. This
means that incoming waves with angular momentum quantum numbers [, m are only
scattered to waves of the same angular momentum [, m and there is no mixing of the
angular momentum channels as it is the case for potentials of arbitrary shape.

5.5 Radial Equations in PDE Formulation

Instead of using integral equations of Lippmann-Schwinger type it is also possible
to find a system of differential equations for the radial solutions of the Schrédinger
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equation. This technique is not used within this work and will not be studied beyond
this section, however, to give an idea of alternative solution techniques that are
used to solve the radial equations, it should be mentioned here. As for the case of
integral equations, the expansion parts ¢, and Vs for different values of the angular
momentum L are coupled, only in the case of a spherical potential the equations can
be solved independently.

First we rewrite the Schrédinger equation into spherical coordinates. This can be
done by using the Laplace operator in spherical coordinates (see eq. |63]|) and the
angular momentum operator L = —ihr x V, yielding:

<_52A +V(r )> Yi(r) = Eti(r)

{ 10 <7« 8) L gy Zﬂv( )= K| () = 0. (5.36)

r2 Or

As before h?k?/2m = E. The spherical harmonics are the eigenfunctions of i’ (see
e.g. [64] or another book on quantum mechanics):

LYy (8) = K21 + 1)YL(8). (5.37)

Since the first part of the operator in the Schrédinger equation depends only on r
and the angular momentum operator L depends only on the angular part & = (6,¢),
the strategy to solve the equation is by separating the variables in the wave function.
This is done by using the expansion (5.16) in terms of spherical harmonics. The
potential is expanded in an analogous way as in (5.15):

Vr) = ) Vir(r)Yun(®) (5.38)
o

Yp (r) = Y Prerrn (r) Yoo (8). (5.39)

LII

We insert this into the Schrédinger equation, obtaining

10
(-52(#2) + 22 (Srivminw) ) pii]

: [Z Yurr (1) Yo (1)

Ll/

=0

This can be rearranged to
10 0
= 7L — k‘ adi Y (T
;( T28r< 07“) >kaL(r) 1 (F)

D Vi ()Y () rern s (r) Y (£) = 0. (5.41)

Ll/ L/ll
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Now we use the eigenvalue equation (5.37), multiply the whole equation by Y}*(¥) and
integrate over . Using the orthonormality of the spherical harmonics, this gives us

Z [( :28(1 (r aar> + l(l; D k2> kauy(r)aLL,,]

L//

Z Z (/ dI’YL YL”( )YL///(f')) VL’”(T)ka”L’ (7") = 0, (542)

L// L/N

—cL

'

where the coefficients CF,;,, are the Gaunt coefficients already defined in eq. (5.22).
By using the definition of Vi, as in eq. (5.23) the equation can further be simplified:

10 0 l(t+1
(72 () + 1 =42ty

2m
+ﬁ Z Of//L/// VL/// (T) ka//L/ (7") =0 (543)
L’ LM

:VL//L

Finally, we obtain the coupled equations for the radial part of the wave function:

<lﬁ (7“22) G o+ k2> YL (r) = ZVL"L¢kL”L'( ). (5.44)

r2 Or or 72
L//

5.6 Operator Notation and Integral Equations for the Green Func-
tion

The Green function formalism and the Lippmann-Schwinger equation can also be
expressed using an operator notation. It shortens the notation for calculating an
integral equation for the Green function.

The free particle Green function was defined by eq. (4.1) and the following ones:
(E+A)(r) = 0 (5.45)
(BE+A)GY (r,v',E) = §(r—71). (5.46)
For the particle in a potential V' the corresponding Green function is analogously

defined by
(E+A—=V)Gp(r,x',E) =6§(r — 7). (5.47)
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Now this equation can be expressed as an operator equation by defining the operators

G?m flgr and H,, acting on a twice differentiable function f as:
GO f o= / dr' G (v, 7', B) £ (1) (5.48)
H).f = —Af(r) (5.49)
Hp f = (=A+V(r)) f(r). (5.50)

Using these definitions and integrating equation (5.46) over r’, it can be rewritten
into

/dr’ (E+A)GY . (r,v/,E) = /dr’d(r -1
— (E - ﬂgr) G0 = 1. (5.51)
From this relation one can formally conclude
. oy -1
GO = (E - ng) . (5.52)
An analogous procedure for eq. (5.47) yields
(E - Hn) G = 1, (5.53)
. NN | . ~1
G = <E _ Hn> - <E ~HO V) . (5.54)

Multiplying eq. (5.54) from the left by <E — fIST - V) yields an operator represent-

ation of the Lippmann-Schwinger equation for the Green function:
(E—ﬁlgr—v)émzl
<~ (E - I:L?r) énr =1+ VGTLT
[ ——
~(@5,)"”"
= Gpn=G" +G° VG, (5.55)

By using the definition of the operators the equation can be rewritten into a real
space integral equation:

/ dr' G (v, ¥/, B) £ (¢') (5.56)
—/dr’Ggr(r,r’,E)f(r’)+/dr"Ggr(r,r”,E)V(r")/dr’GW(r”,r/,E)f(r’),

valid for any twice differentiable function f. Formally one obtains the integral equation
for the Green function:
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Gur(r,v',E) = G2 (r,v',E) + /dr”Ggr(r, v E)YV ("G, (v v E) (5.57)

Multiplying eq. (5.54) from the right by the same factor as in eq. (5.55) gives:
Gor =G + G VG (5.58)

which, in real space, yields the integral equation

Grr(r, v/, E) = G2 (r,r' E) + /dr"Gm(r,r”, EYW(ENG (" v E).  (5.59)

5.7 Fredholm and Volterra Integral Equations

During the derivation of the Green function for the particle in a potential, it will be
useful to rewrite between two different types of integral equations, the Fredholm and
the Volterra integral equation.

A Fredholm integral equation has the form!

y(r) = f(r) —I—/dr’GO(r,r’)V(r’)y(r’). (5.60)

For f # 0 it is called inhomogeneous or of second kind. The integration domain in
this case is finite and does not depend on r. G is called the kernel of the integral, y
is an unknown function and f, G%and V are given.

One can directly see that the Lippmann-Schwinger equation is of this form, and
therefore is a Fredholm integral equation.

The strategy for solving a Fredholm equation is by finding a resolvent kernel G, such
that the unknown function y can be written as

y(r) = f(r) +/dr’G(r,r’)V(r’)f(r’). (5.61)

The relationship between G' and G° can be found using the operator notation exactly
as it has been done in the previous section 5.6. Simply renaming the functions in the

9Tn the general form in Mathematics the term V(r') is not included. It can, however, simply
be included by redefining G°. In the form presented here the analogy to the Lippmann-Schwinger
equation is directly obvious, which is why V(r’) has been included.
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Lippmann-Schwinger equation (5.4) and in the resulting equations (5.57) and (5.59)
we get the equations

G(r,r') = Go(r,r/)+/dr”GO(r,r”)V(r")G(r”,r’), (5.62)

G(r,r') = G, ')+ /dr"G(r, V("GO (x"r). (5.63)
A Volterra integral equation is of the same form as a Fredholm equation, with the

only difference that the integral domain depends on r. In this three-dimensional
setting this can be written as

o) = 1)+ [ @' K V) 1) (5.640)
where
Kor,t') =0 ¢ — 7)K%, ). (5.65)

That means the integration domain is limited to a sphere of radius |r|. The equations
for finding the integral kernel still hold, i.e. a solution of the Volterra equation is
given by

mwzﬂw+/m%@fwwvw> (5.66)

where

K(r,r') = K%r,r') + /dr’/KO(r, \WWVE"K (" 1), (5.67)

For the calculation of the Green function it will be of advantage to rewrite the
Lippmann-Schwinger equation from a Fredholm to a Volterra equation. How to do
this will be explained in sections 10.3 and 10.9.

5.8 « and  Matrices and the Irregular Solution

The a matrix describes the behaviour at the origin of the regular angular single-site
solutions with potential, Ry (r), and without potential, Jiz(r).

The relationship between the two was given by equation (5.13):
Ryr(r) = Jpp(r) + / dr'GY (r,v'; B)V () Rep(v). (5.68)

Inserting the partial wave expansion of the free space Green function, eq. (4.29), one
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gets

Ren(r) = JkL(r)—ik:Qh—? ( / 'O (r — 1) Hy (v) T () (5.69)
=

rou - r)JkL«r)HkL/(r')) V() Rip ()

= JkL(I') — ’Lk‘% <%: /|r/|§|r| dI‘,HkL/(I')jkL/ (I'/)V(I'/)RkL(I'/)

dr' Jir (0)H o (2 V(& Ry () ).
b ARV ) R )

In the limit |r| — O the first integral vanishes, yielding

. 2m _
Rip(r) = Jer(r) —iky D T (r) / - dr'Hyp (') V (v') Ry (') (5.70)
) r'|>|r
o 2m 7 / / /
= Z JkL/(I‘) (5LL’ — Zkﬁ dr HkL/(I‘ )V(I‘ )RkL(I‘ )) , as ‘I“ — 0.
= e/ ]
::;‘;L/
Hence??
RkL(I‘) = ZQLL’JkL’(r>7 as ’I‘l — 0, (571)
L/

where the a matrix was defined by

2 -
ary = rp —zk:h—? / drHyp (r)V (r) Rer, (x). (5.72)

As it has been seen in the expansion eq. (4.15), the non-relativistic free electron
Green function can be written in terms of the regular and irregular solutions of the
free Schrodinger equation. The goal later on will be finding a similar expansion for
the Green function of an electron in a potential, i.e. in terms of regular and irregular
solutions of the Dirac equation of an electron in a potential. This equation should,
however, result in the equation for the free electron Green function when choosing
V = 0. From eq. (5.68) one can see that Ry, = Jxz for V' = 0. Similarly, the
irregular solution, denoted by Sk, should be equal to the irregular solution of the free
electron case, the Hankel function Hyy. Hence, the source term of the corresponding
Lippmann-Schwinger equation is no longer a Bessel but now a Hankel function:

2ONote that both a and 8 matrix have a dependence on k that is not indicated here explicitly.
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The irregular solutions Sk (r) of a particle in a potential are given by the Lippmann-
Schwinger equations

Sea(0) = 32 B Hiar () + [ @6, e BVE)Su ), (573)

Sk (r ZﬁLLfHka /dP'GO (r, v, E)V (x') Spr(r'). (5.74)

The source terms are defined in eqs. (4.26) and (4.27). Furthermore the 8 matrix is
used, which is defined by its entries

2 =
Brr =01 -f—lkh—,r;l /drSkL/(I‘)V(I‘)JkL(I‘). (575)

In addition to the source term now being a Hankel function, there occurs, unexpectedly,
also the multiplication by the 8 matrix. First note that for the case of a vanishing
potential this matrix becomes the identity matrix, i.e. for V =0 it is Sz, = Hyz as
it was required. As a source term any linear combination of Hankel functions can
be used. Why the 8 matrix is introduced here and why this specific source term is
chosen cannot be understood yet but only when deriving the expansion of the Green
function in sections 5.9 and 10.3. There it will be seen that with this choice for the
irregular solution the Green function for the particle in a potential can be written in
a nice and simple form.

The equation for the irregular solution is a Fredholm integral equation. Thus,
according to section 5.7, the solution is given by

Sk’L ZBLL’ HkLI(I')+/dI‘Gm«(I',I'/,E)V(I',)HkL(I‘/)]. (576)

SkL ZﬂLLI HkL/(r)+/derL(r’)V(r’)Gm(r’,r, E):| (577)

In a matrix notation the two matrices are given by

o = (aLL/)LL,, (578)
8 = (ﬁLL')LL’ Ec(n+1)2><(n+1)2. (5.79)

If I runs from 0 to n and m €{—[,—(l — 1),...,l} the combined index L = (I, m)
can take (n + 1)2 values, hence this is the dimension of the matrix. One can also
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define the vectors S, H and A € C(m+1)* by

Sr) = (Ske(r),, (5.80)
F(I‘) = (FkL(r))L ) (581)
A(r) = (/ dv'Hyp,(x")V () Gpr (Y, 1, E))L, (5.82)

i.e. they are column vectors containing the entries for different values of L. Using
these definitions, equation (5.76) can then be written in a the compact form

S(r) =B [H(r)+ A(r)] . (5.83)

Even though it is not obvious to see, the a and g matrices are the inverse of each
other:

The matrices o and 3 fulfil the relation

a=p"L (5.84)

Proof: Recall the Lippmann-Schwinger equation for the regular solution eq. (5.13):
Ry (r) = Jon () + / dr'GY, (x, v/ E)V () Ry (r') (5.85)
According to section 5.7 its solution is

Ryr(r) = Jrr(r) + /dr'Gnr(RF/%E)V(r,)Jk;L(f/)- (5.86)

Now insert this into the definition of the o matrix, eq. (5.72), to obtain

. 2m =

ap, = Opp — zkﬁ /derL/(r)V(r) (5.87)

() + [ G s BV (I ())

= oy ik [ @ V@)
—ik— [ dr’ [/ derL/(r)Gm(r,r';E)V(r)] V(r')Jep(r)).

Equation (5.83) can be rearranged as

A(r) = p71S(r) — H(r) (5.88)
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which, in explicit notation, is equivalent to

/dr'HkL(r')Gm(r, v, E)W(r') = Z (B_I)LL' Spr(r) — Hyp(r). (5.89)
I

This is exactly the term in square brackets in the equation above. Replacing it yields
. 2m —
arrr = 5LL’ — Zkﬁ dI‘HkL/(I‘)V(I')JkL(I') (5.90)

_Zk% dr/ [Z (571)[/[/// gkL”(rI) - Fk[/(r/) V(I'/)JkL (I‘l)
J

= 5LL’ — Z (B_I)LL’ Zk% /dI‘/SkL/(I‘/)V(I'/)JkL(I‘/) .

LI

=B =05, cf. eq. (5.75)

This equation can equivalently be written in a matrix notation

a=1-51@B-1)=p", (5.91)

where I denotes the identity matrix. From this equation follows the claim eq. (5.84),
which completes the proof.

5.9 Angular Momentum Expansion of the Green function for a
Particle in a Potential

In analogy to the angular momentum expansion of the free particle Green function
(cf. eq. (4.28))

GO (r,¥ E) = —ik%ZJL(kr<)HL(kr>) (5.92)
L

the Green function a the particle in a potential can also be expanded. However,
the spherical Bessel and Hankel functions Jy and Hp will here be replaced by the
regular and irregular solutions of the Schrédinger equation for a particle in a potential.
Thus, once these solutions are known, the Green function can be calculated from the
expansion.

The non-relativistic Green function for a particle in a potential is given by

2
i

Gur(r, Y E) = 2

[O(r — )RL(t")SL(') +© ¢ —r)Sp(r')Re(r')]
L (5.93)

with the regular wave functions Ry, Ra, defined by eqs. (5.13) and (5.14), whereas
the irregular wave functions Sy, Sy are defined by eqgs. (5.73) and (5.74).
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In section 10.3 it will be shown that an equation of the same form is valid in the
relativistic case (cf. eq. (10.19)), together with a proof for the relativistic case. For the
non-relativistic case this proof goes completely analogously, except for two differences:
the first one is that here some functions are scalar, that will be vectors or matrices
in the relativistic case. Hence in the relativistic case the order of multiplications
matters, while in the non-relativistic case it does not. The second difference is that
the indices L will be replaced by different indices A. As by replacing the indices the
proof for the relativistic case can be adopted, no proof is given here.
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Part I1I

Relativistic Single-Site Scattering



6 Dirac Equation

For an electron with a high kinetic energy the Schrodinger equation does no
longer provide an adequate description, but the Dirac equation has to be
used instead. It was already found two years after the Schrddinger equation
was published and, using vectors with four entries, describes the motion of a
spin 1/2 particle in accordance to special relativity.

6.1 Relativistic Quantum Mechanics

In 1905 EINSTEIN published his theory of special relativity [65], as it was later on
termed. In contrast to the Galilean relativity, which explains the equivalence of
all inertial systems of uniform, linear motion with one universal time, the time in
special relativity is no longer universal for all reference systems. The first experiment
connected to special relativity was the MICHELSON-MORLEY experiment, conducted
already in 1881. It aimed to find a medium in which light waves travel. However, no
such medium and, accordingly, no distinguished inertial system was found. Einstein’s
special relativity explained the unexpected result of the experiment. As an important
consequence of the theory, the vacuum light speed ¢ must be finite.

In a mathematical description, a theory in accordance with Galilean relativity must
be invariant under a Galilean transformation between two inertial systems. Newton’s
Laws, for example, are invariant under such a transformation. The relativistic
counterpart is a Lorentz transformation, i.e. a theory in accordance with special
relativity must be covariant, which means invariant under a Lorentz transformation.
This transformation was part of Einstein’s publication and also solved the problem
that the Maxwell equations were not invariant under a Galilean transformation.

The Schrédinger equation, published in 1926, is not invariant under a Lorentz
transformation and thus not in accordance with special relativity. Hence, the search
for a relativistic equivalent started directly after Schrédinger’s publication. An
attempt to describe the relativistic movement of an electron was the Klein-Gordon
equation, that was published in 1927. It turned out that this equation does not
correctly describe relativistic electrons, however, it is correct for the description of
relativistic Bosons. Dirac’s publication in 1928 [39] solved the problem of describing
relativistic electrons.

In the non-relativistic limit of small electron speed v < ¢ the Schrédinger equation
correctly describes the electronic motion. With increasing energy and, accordingly,
increasing speed of motion, relativistic properties become important. Consequences
of the Dirac equation include negative energies, that were explained by Dirac by
introducing antiparticles with opposite energy [66], also known as the hole theory.
This theory furthermore allows, in accordance to the equivalence of energy and mass
in special relativity, the annihilation and creation of particles, which means that the
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number of particles no longer is a conserved quantity. In contrast to the Schrédinger
equation, it is also able to correctly describe all interaction processes between light
and matter, such as emission and absorption or scattering of photons. Moreover,
it includes the spin of an electron in the theory. This intrinsic angular momentum
couples with the orbital angular momentum, known as spin-orbit coupling. It becomes
more and more important with increasing atomic number, as for heavy elements
the electrons have a higher energy and thus move faster. There are several good
introductory books to relativistic quantum mechanics [64, 67, 68, 69, 70, 71|, whereas
the books by STRANGE [49] and ROSE [72| go further into the details and also treat
aspects that are important in solid state physics.

6.2 The Free Electron

The relativistic description of an electron in free space is given by the Dirac equation

- ov
HyU = ih— 1
0 t ot (6.1)
with the Dirac Hamiltonian
. he 0 0 0 2
Hy: = r (alﬁxl + OZ2W + 0438w3> + Bmec (6.2)
= cap + fmc? (6.3)
and
p = —ihV. (6.4)
In the stationary case eq. (6.1) becomes
Hotp = W, (6.5)

where W denotes the energy eigenvalue in the relativistic case. The quantities «; and
B are 4 x 4 matrices defined as

I 0 0 oy
5=<0 _12>704i=<0i 0> (6.6)

where i € {x,y, z} is the cartesian coordinate and o; are the 2 x 2 Pauli matrices

(U ) (O Yemn (1 0)e e

« is a vector that contains the three matrices «; as its entries. In contrast to the
Schrédinger equation, which is a linear second order differential equation, the Dirac
equation is a linear first order differential equation. However, according to the general
theory of linear differential equations, any second order equation can be written
as a coupled system of two first order equations. As the Dirac equation contains
vectors with four entries and 4 x 4 matrices it can be seen as a system of four coupled
equations, thus resolving this at first sight surprising difference to the Schrodinger
equation.
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6.3 Electron in a Potential

To include a scalar potential ep(r) and an electromagnetic vector potential A(r) in
the Dirac equation, the following replacements are necessary (see e.g. [71]):

L0 L 0
Zha — zha —ep(r) (6.8)
or for the stationary case
W — W — ep(r) (6.9)
and
P — D —eAlr). (6.10)

Therefore the Dirac Hamiltonian becomes

A~

Hp = ca(p—-eA(r)) + fmc® + ep(r)

= cap+ pme? +V(r) (6.11)
where the potential V(r) is a 4 x 4 matrix defined by
V(r): = ep(r)ly — ceaA(r) (6.12)

= (LR )

o(r) 0 —cA.(r) —cAz(r) + icAy(r)
- . 0 o(r) —cAg(r) —icAy(r) +cA.(r)
—cA.(r) —cAz(r) +icAy(r) e(r) 0
—cAgz(r) —icAy(r) +cA;(r) 0 p(r)

Assuming that ¢ and A have only real entries, this matrix is self-adjoint (Hermitian),
ie.

V(r) =Vi(r). (6.13)
Density functional calculations using this potential are called Spin-Current DF'T.

Usually the potential is approximated neglecting orbital currents (see e.g. [70]) and
written in the following representation:

VIr): = ep(r)l — ufSB(r) (6.14)
( ep(r)Ia — poB(r) 0 )
0 ep(r)ly + poB(r)
ep(r) — uB:(r)  —pBa(r) +ipBy(r) 0 0
—pBo(r) —ipBy(r)  ep(r) + pB.(r) 0 0
0 0 ep(r) + uBz(r)  pBe(r) —ipBy(r)
0 0 pBa(r) +ipBy(r)  ep(r) — pB:(r)
where

2:(‘3 g) (6.15)

and where B is the magnetic flux density and

_ch
b= om

(6.16)
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Density functional calculations using this potential are called spin-polarised DFT.
Just as the exact potential V| assuming that ¢ and B have real entries only, the

approximated potential V is also a self-adjoint matrix:

V)=V (r). (6.17)

6.4 Relativistic Corrections to the Schrodinger Equation

The wave functions resulting from the Dirac equation have four entries. The first
two are commonly termed the large component, the remaining two the small com-
ponent. In the Dirac equation, which is a system of four linear first-order differential
equations, both components are coupled. By applying a so-called Foldy-Wouthuysen
transformation of the Dirac Hamiltonian and neglecting the small component, one
can derive the Pauli operator:

) A 9
2 p eh P eh eh R
Hpaui = 2m +eplr) = %U B- 8m3c? + 8m2c2 ma (ExDp).
e ——
HSchrédinger (1) (2) (3) (4)
(6.18)

This operator is applied only to the large component. The first term of the Pauli
operator is equal to the Schrodinger Hamiltonian, followed by relativistic correction
terms up to order O(1/c?). Hence, the Pauli operator provides a way to include
relativistic effects in otherwise non-relativistic calculations. The Dirac equation, of
course, intrinsically contains all these terms (and more), so that the Pauli operator
is not used anywhere within this work. It is however instructive in order to gain
understanding for what are the main relativistic effects:

1. The first correction term describes the magnetic moment pu = —eh/2mo
resulting from the electron spin. It gives rise, for example, to the dipole-
dipole interaction of electrons, which is one factor contributing to magnetic
shape anisotropy and magnetocrystalline anisotropy (the other one is spin-orbit
coupling, cf. point 4).

2. With increasing speed the relativistic mass increases and differs more and more
from the rest mass. The second correction term is the first contribution to this
mass increase.

3. This correction in known as the Darwin term. It describes the fact that in a
relativistic description one can only give a probability for finding an electron at
a certain position. The fine structure correction in the description of Hydrogen
is an example of the effect the Darwin term has.

4. The last term is called the spin-orbit coupling term, that is the main source of
various relativistic effects in solid state physics, including the magnetic shape
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anisotropy mentioned above. More examples are listed in the introduction. For
regions where the potential is in a good approximation spherical, i.e. close to
the atom core, the spin-orbit contribution can be approximated [11, 73| by

A eh
Hep = ——
SO = 4m2e2

o-(Exp)~&r)L-S. (6.19)
Here &(7) is the spin-orbit coupling constant, L is the orbital angular momentum
operator and S is the spin operator. In the following chapter these operators
and their eigenfunctions and eigenvalues will be discussed in detail.



7 Angular Momentum Operators, Eigenvalues and Ei-
genfunctions

Angular momentum expansions form an indispensable tool within the KKR-
GF formalism. Whereas in the non-relativistic case spherical harmonics are
used as a basis, now the so-called spin spherical harmonics take over this role.
They are the eigenfunctions of the spin-orbit operator K. To characterise the
states one has the choice between two different basis sets, the (x, u)-basis
and the (I, m;, ms)-basis. Explicit tables of the indices in the two basis
sets, Clebsch-Gordan coefficients and the first spin spherical harmonics are
presented as a groundwork for computational implementation.

7.1 Orbital Angular Momentum Operator

The orbital angular momentum operator L is defined by

L=rxp (7.1)
where p = —thV is the momentum operator. L fulfils the commutation relations
[Lx, Ey} = L, (7.2)
Ly L] = inL,
(.1 = ind,

Using these relations, the cross-product of L with itself can be calculated:

LyL.—L.L, Ly, Ls ihLy
LxL=| L.L,—L,L. | =| |L., Ly = | inL, | =inL. (7.3)
L,Ly,— LyL, ﬁm, f/y thL,

The eigenfunctions of the squared orbital angular momentum operator and its z-
component are spherical harmonics:

LYin(0,6) = KA1+ 1)Y,0(0,6) (7.4)
izn,m(quﬁ) = hmn,m(ea(ﬁ)

The angular versions of the creation and annihilation operators
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allow going from one m state to another:

. (l+1)— DY, if l

LY = \/( +1)—m(m+1)Y pyq i m<. (78)
0 otherwise

. (l+1)— - 1Y o1 if -1

PYi, - \/( +1)—m(m—1)Y 1 i m>. (79)
0 otherwise.

7.2 Spin Operator

The spin, experimentally observed in experiments of atoms in magnetic fields (Zeeman
effect, Stern-Gerlach experiment), emerges from the Dirac equation as a new (rota-
tional) degree of freedom compared to the Schrédinger equation. It can be described
by the spin operator, which is defined as

- h

where o is a vector containing the Pauli matrices o, o, and o, which are given by

ax=<(1)(1)>,ay=<?_(Ji>,az:<(1]_(]1>. (7.11)

For electrons, i.e. spin 1/2 particles, the operator fulfils the eigenvalue equations

o, = h2s(s+ 1)dm. (7.12
Sz¢ms = hmsgbms (713

~— ~—

where s = 1/2, mg = £s and the eigenfunctions ¢,,, are the spinors

¢;=<é>,¢;=<?>. (7.14)

The Pauli matrices have the following properties:

o7 = Iy (7.15)
0z0y = 10, and cyclic permutations (7.16)
0.0y = —0y0, and cyclic permutations (7.17)

ozoy0, = ilo. (7.18)

From these properties follows a general relation, valid for all commuting vector
operators A and B:

ZUiAinBj = ZélelBJ +izfiijkAiBj (7.19)
2,J 7,7 1,5,k
< (cA)(cB) = AB+io(A xB) (7.20)
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The first line follows from the relation o;0; = 6;; + Y i€;jx0% (here €;,; denotes the
Levi-Civita symbol) which is equivalent to equations (7.15) and (7.16), the second
line is just rewriting it using the sum notations for the scalar product and the cross
product.

The spin operator S fulfils
[S’x, S’y} = ihS. and cyclic permutations. (7.21)
In analogy to the case of the orbital angular momentum in section 7.1, this implies
S x S =ihS. (7.22)

We also note A R
oply — Lyoy
SL =3 ouly—Lyo, | =0. (7.23)

o.L,— Lo,

7.3 Total Angular Momentum Operator

In the Schrédinger theory the angular momentum L is equivalent to the total an-
gular momentum. This is different in the relativistic case, where the total angular
momentum is the sum of the orbital angular momentum and the spin. In operator
notation:

J=L+S. (7.24)

This sum of two operators has to be understood as the direct product of the cor-

2
responding quantum states, see eq. (7.50). The eigenvalues of J  are given by
j(j + 1), where j is a non-negative half-integer, and those of J, = L, + S, are given
by p:=m+ mg, where m = —1[,....,l and mg = £s = :l:%.

The eigenfunctions of this operator will be discussed in section 7.5.

7.4 Spin-Orbit Operator
7.4.1 The Dirac Hamiltonian in Spin-Orbit Operator Notation

Our aim here is to separate radial and angular parts of the Dirac Hamiltonian. This
will later on allow us to apply the separation of variables onto the Dirac equation
when calculating its eigenfunctions.

We will first rewrite the momentum operator p. The following identity holds:

~y Gralmann identity A~ A~

e, X (e, X P) = e (erp) — (erer)p = e;(erp) — P. (7.25)
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Rearranging and using the definition of the unit vector e, = r/r and of the angular
momentum operator L = r x p yields

1 1 .
p=e.(ep)—e,x (e xp)=-e.(ep)— Sen X (r x p) =eq(e,p)— Ser X L. (7.26)
Hence 1
op = (oe,)(erp) — —o(e, X L). (7.27)
Now we define
or = 0oe, (7.28)

and note that the term e,p is the directional derivative
. . 0
e.p = —ihe.V = —zha. (7.29)
Hence equation (7.27) becomes

0 _1ote, x 1. (7.30)

op = —ihara "

To rewrite the term e, x L the vector e, and the operator L are inserted into equation
(7.20), which yields:
(oer)(oL) =e,L +io(e, x L). (7.31)

Since the cross product L=rx p is perpendicular to r and thus also to e,, the term
e,;L equals zero. Now, inserting eq. (7.31) into (7.30) gives

0 1 .
O'f) == —7,h0'7-87 — ,fO'TO'L
rooar
= ey 2 it (7.32)
= —1 UT@T zrara .

0 1 .
fry —.(),,, hi — 70'|, .
! ( or r )

By defining the

spin-orbit operator
K=— (h n af_,) (7.33)

the expression for op is rewritten as

K
op = —io, <ha + h + > . (7.34)

or r r



7.4 Spin-Orbit Operator 61

Therefore .
o o h K\[/0 I
ap = —io, (hﬁr + " + 7“) ( L 0 ) . (7.35)

Using this expression, the Dirac Hamiltonian for a free electron can be rewritten as

3 _ o 3 h K 0 12 2
HD = —ClO, <h§ F ; aF 7) ( 12 0 > F ﬁmc . (736)
7.4.2 Eigenvalues of the Spin-Orbit Operator

The eigenvalues of the spin-orbit operator K are convenient to characterise the states
of a free relativistic particle. To calculate them we first evaluate K2 :

K? = 1% + 2hoL + (oL)(oL). (7.37)
Now we rewrite
(ol (ol) “TE 12 4oL x 1) (7.38)

Inserting this into the expression for K2 yields
K2 =12 4 hol + 1. (7.39)
and hence s
K*4+hK =L". (7.40)

We denote the eigenvalues of K by hk, i.e. the eigenvalue equation is
Kxa = hrxa, (7.41)

where xa denote the eigenfunctions and A is a combined index A = (k, ). Then
from eq. (7.40) follows
B2R? + B2k = RA(1+ 1) (7.42)

because L’ has eigenvalues A?1(l + 1). This means
kKk+1)=1(+1) (7.43)

which implies the two solutions Kk = [ or kK = —(I + 1). The next step is to link these
two solutions to the eigenvalues of the total angular momentum operator J. First we
note

eq. (7.23) 9 Ap

~ ~ N ~ AN\ 2 ~ N ~ A PN
-1’8 = (L+8) -1 -8 —18+8L SL. (7.44)
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Hence of, < (7.10) gSﬁ 1 <j2 B f.z B S2> (7.45)
h h ' '
Inserting this into the definition of the spin-orbit operator yields
f(:—(mct):—<h+71i(32—122—s2)>. (7.46)
For its eigenvalues follows therefore
he=—(h+hj(j+1)—hl(l+1)—hs(s+1)). (7.47)

As for electrons the spin eigenvalue is s = %, it can further be simplified to

= — (j(j+1)—l(l+1)+i>. (7.48)

Inserting k = [, the first solution we found for x, into this equation yields j =1 —1/2.
If the second solution x = —(I 4+ 1) is inserted, the relation j =1+ 1/2 is obtained.
Therefore we get the final result for the eigenvalues of K:

l ifg ==
K=< lj : (7.49)
=l-1, ifj=1+3.

7.5 Spin Spherical Harmonics

This section introduces the so-called spin spherical harmonics, which are the eigenfunc-
tions of the spin-orbit operator K. Furthermore, the angular momentum expansion
in different basis sets is discussed, namely in the (I,m;, ms)-basis and the (k, )-basis.

The definition of the spin spherical harmonics can be found in e.g. [69], [72] or [74],
here they will be defined in 7.60.

A quantum state in the non-relativistic case is fully specified by the quantum numbers
[ and m, or by the combined index L = (I,m). I(I + 1) is the value of the squared
orbital angular momentum vector L? and m is its z-component. We can denote the
state in Dirac notation as |l,m).

In the relativistic case a further angular momentum occurs, the spin angular mo-
mentum s. Since it is always s = 1/2, there is only one additional degree of freedom,
the z-component of the spin, which is determined by ms = £1/2. To avoid confusion,
we will rename m to my; in the relativistic case. Thus a state is now characterised by
four quantum numbers: |, m;, s, ms), out of which one is fixed (s = 1/2). This state
can be written as the product of the orbital angular momentum state and the spin
angular momentum state:
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[l,my, s,ms) = |1, my) ® |s,mys) . (7.50)

This product in an explicit representation is the product of (scalar) spherical harmonics
Y} m, With spinors ¢y, :

L,y 5,ms) = Yim, (B)dm, (7.51)

where the spinors are given by

¢;=(é>,¢5=<?>. (7.52)

The number of states up to a maximal [-value l.yt is given by
number of states = 2 - (leys + 1)%. (7.53)
Table 7.2a shows the 32 (=2 - (3 + 12)) possible states up to leus = 3.

For a given orbital angular momentum L and a given spin S the total angular

momentum is defined by
J=L+S. (7.54)

One can calculate that the z-components of L and S , given by the operators L,
and S, with eigenvalues m; and my, are no longer “good” quantum numbers in the
case of this spin-orbit coupling, in the sense that these operators do not commute
with the Dirac Hamiltonian Hp. However the z- component of the combined angular
momentum, given by the operator J. = L.+ S., does commute with Hp. The
eigenvalue of J. is denoted by u, and obviously it is

1
po=my = ml+m5:mlj:§. (7.55)

As an alternative to using the quantum numbers defining a state as [l,my, s, ms),
one can also define a state |j,1, s, u). This defines a different basis (the (x,u)-basis,
as we will see later on). To go from one representation to the other, one has to
calculate a linear combination of the states with suitable coefficients. Going from
(I,my, s, mg)-representation to (7,1, s, u)-representation, it has the form:

17,1, s, 1) Z C(j, p, L, s|my, ms) |1, my, s, ms) . (7.56)
ms—:i:§
As only values for y = m; + ms are allowed, the coefficients have to vanish for any
other combination.

Now it turns out, that the eigenvalue x of the spin-orbit operator K , contains exactly
the same information as j and [ together. That means if  is given, j and [ can be
calculated from it2!

1 1
j = l—=sign(k) =1+ (7.57)
2 2
ifj=1l-3<k>0
;o= e ity 2 TN (7.58)
—k—1, ifj=1+35&r<0,

2! Note that the expression j = [ + % here means j = [+ s, where s = i%. It is not equal to [+ m.
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and on the other hand, if j and [ are given, xk can be calculated:

if 7= 1
pe b ifj=1 2 (7.59)
11, =1+ 4,

Thus it is completely equivalent to use the notation |j, 1, s, u) or |k, s, u). As it is
always s = 1/2 this quantum number is usually omitted, and the states are named
|7,1, 1) or |k, ) in the case of the total angular momentum basis or |I,m;, mg) for
the former basis. The total angular momentum representation is normally called
the (k, p)-representation. The following table shows how to calculate within this
representation:

I j=1+1/2 | &

0 1/2 -1
1 1/2 1
3/2 -2
2 3/2 2
5/2 -3
3 5/2 3
7/2 4

Now we need an explicit expression for the basis functions |k, u). Equation (7.56)
already gives a definition, and in an explicit notation it is

. o1 .
XA(r) - Z C(l,], §’N — Mg, ms)n,u—ms (r)¢m5 (760)
ms=%£1/2

where A = (k, ) = (4,1, p) is the combined index for the relativistic quantum numbers.
These functions are called spin spherical harmonics. The coefficients C' that occur
here are called Clebsch-Gordan coefficients and are given by:

C(l, 4, %\ml,ms) ms=1/2 ms=—1/2
‘ I+ptsy l—p+3
j=l+1/2 \/% SN

. l—p+3 \/l+u+l
Jj=1l- 1/2 ‘\/ 2l+12 2l+12

Clebsch-Gordan coefficients are always needed when adding angular momenta. For
details on how to calculate them see e.g. [64] or [72].

Furthermore one defines

A = :(—k,p) (7.61)

] 1 ifk>0
I = {’i e (7.62)

—K ifk <0
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and

. -1 .
a®) = Y Clg gl —mem)Yi, , ()ém,. (7.63)
ms==+1/2

One can show that the spin spherical harmonics are the eigenfunctions of the spin-orbit
operator:

f:(XA(f) = hrxa(D). (7.64)
Kxx(t) = —hrxg(r). (7.65)

For a given quantum number j the quantum number p fulfils
H—s|<pu<l+s (7.66)

where s = 1/2. The number of states up to a certain value of [ is the same in the
(K, pu)-basis as it was in the (I, m;, ms)-basis, given by eq. (7.53). An explicit overview
of the allowed values up to l.yt = 3 is given in table 7.2b.

The Clebsch-Gordan coefficients fulfil the following orthonormality properties (see
e.g. [49] section 2.10):

o1 o1
Z C(laja §|M — Mg, mS)C(la.]’ §|/’L, - m;a m{s) = 5m5mg5uul (767)
J

o1 4 1
ZC([,],glu—ms,ms)C(l,] ,ilu—ms,ms) = djjr. (7.68)

The spinors fulfil

¢;¢2=(é)(10):<38) (7.69)
qﬁ_;qﬁ_%:(?)(o 1):(8(1)) (7.70)

D Omh, =018 +0 101, =D (7.71)

1
mS:i§

and thus also

Furthermore they fulfil the orthonormality relation

Ohs b, = Oy, - (7.72)

From these relations also follows the orthonormality of the spin spherical harmonics:
[ a6 =
/ dfx%,(f)XA(f) = 0,5 (7.73)

/ dixh, (F)xx(F) = d5p-
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Table 7.1: An overview of the explicit expressions for the first ten spin spherical harmonics.

index [ j TR xa(6,0)
0
SR (Y(JE)@)):( )
’ 4m
2 12 1/2 -1 (Yo,g(f)>:< 041ﬂ)
~\/3 r —y/ L sin(@)e"
30112 a2 1 @) | _ [ —y/Esin@)e
%YI,O(A) iﬂ cos(6)
—y/3V10(F —1/ 2 cos(f
4 R ( 2;17(2;)))( 17;1n(9()e)i¢)
3iLl 4
0 0
5 3/2 -3/2 -2 <Y1,1(f)>:< isin(@)e—iqs)
6 3/2 -1/2 2 Vi) ) L sin(g)e—i¢
3Y10() = cos(6)
3710 2
7 3/2 1/2 -2 Vo) | _ %COS(G)A
gV (8) —1/ & sin(6)e’®
311,1 -
R AR LA ()= ( - i;soinw)ew)

9 2 3/2 -3/2 2 ( éY?ﬂ(W)( —\/ & sin?(f)e 29 )

)
-3 r —+/ 2 sin(8) cos()e ™"
10 3/2 -1/2 sY2-1(F) | _ ) sin(6) cos(f)e ¢
%YQ’O@) %T (3 cos?(6) — 1)

\]
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Table 7.2: Allowed sets of quantum numbers in the different basis sets. Note that one state

in the (k, pt)-basis has no direct relation to a state in the (I, m;, ms)-basis, but is given by

a linear combination of these states. However, the number of states up to a certain cuto ff
value I, is the same in both representations. Also the maximal index (2, 8, 18, 32, 50, 72,

...) corresponding to the cutoff-value l.,+ and given by 2 - (lcut + 1)2, does not change.

(b) Different quantum states |j,1, s, u) in the (k, p)-basis.
(a) Different quantum states  The left and right part of this table are equivalent, that
l,mi,s,ms) in the (I,m;,ms)- means it is equivalent to use k and p or to use [, j and
L
basis. -

index I | my Mg index [ | j [T [ orbital
1 0o 0 -1/2 1 0 1/2 -1/2 -1 -1/2 sy
2 +1/2 2 /2 1/2 -1 1/2
3 1 -1 -1/2 3 L o1/2 -1/2 1 -1/2 pyp
4 +1/2 4 /2 1/2 1 1/2
5 0 -1/2 5 3/2 -3/2 -2 -3/2 p3p
6 +1/2 6 3/2 -1/2 -2 -1/2
7 1 -1/2 7 3/2  1/2 -2 1/2
8 +1/2 8 3/2 3/2 -2 3)2
9 2 -2 -1)2 9 2 3/2 -3/2 2 -3/2 dip
10 +1/2 10 3/2 -1/2 2 -1/2
11 -1 -1/2 11 3/2  1/2 2 1/2
12 +1/2 12 3/2 3/2 2 3)2
13 0 -1/2 13 5/2 -5/2 -3 -5/2  dsp
14 +1/2 14 5/2  -3/2 -3 -3/2
15 1 -1/2 15 5/2 -1/2 -3 -1/2
16 +1/2 16 5/2 1/2 -3 1/2
17 2 -1)2 17 5/2 3/2 -3 3)/2
18 +1/2 18 5/2 5/2 -3 5/2
9 3 -3 -1/2 19 3 5/2 -5/2 3 -5/2 f5,
20 +1/2 20 5/2 -3/2 3 -3/2
21 -2 -1/2 21 5/2 -1/2 3 -1/2
22 +1/2 22 5/2 1/2 3 1/2
23 -1 -1/2 23 5/2 3/2 3 3)2
24 +1/2 24 5/2 5/2 3 5/2
25 0 -1/2 25 2 -T2 -4 -T2 7
26 +1/2 26 7/2  -5/2 -4 -5/2
27 1 -1/2 27 /2 -3/2 -4 -3/2
28 +1/2 28 7/2 0 -1/2 -4 -1)2
29 2 -1)2 29 /20 1/2 0 -4 1)2
30 +1/2 30 /2 3/2 -4 3/2
31 3 -1/2 31 /2 5/2 -4 5/2
32 +1/2 32 /20 T/2 0 -4 T7)2
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Another issue of importance is to transform between spin spherical harmonics ex-
pansions and spherical harmonics expansions. This can be done using the following

formula:
IZZYlmelm ZXA (7.74)

To verify its correctness start off the right hand side and insert the definition (7.60):

g 1 1
> xa@®xh () = Y. D Cllgiglu—mem)C (1], 5w — mi,m)

¥ ’
I Ms,Mmg

.}/Lﬂ_ms (f.)}/l:ku—m’é (f/)¢ms ¢In’s

= > ZC(l,jélu—ms,ms)C @, J71|M my,m),)

©noms,m J

: (Yz,u—ms ®)Y et (f'/)ébms@f?jn;)

eq. (7.67 N R
IS G (Y (B)Y7 o, (F)6m, 01, )
Hooms,mi
.(7.55 A
RS Z Vi ()Y, ()b, 66,
my mg=

RRE Y n,m(fwﬁm(f’).
m



8 The Free Dirac Particle

A relativistic electron in free space is described by the potential-free Dirac
equation. The solution of this equation is given by Dirac plane waves. After
separating the radial and angular parts, one obtains spin spherical harmonics
(discussed in the previous chapter) as the angular parts. To obtain the radial
parts, the Bessel differential equation is solved, yielding Bessel, Hankel and
Neumann functions.

8.1 Solution of the Free Dirac Equation: Dirac Plane Waves

In analogy to plane waves as the solution of the Schrodinger equation, one can
calculate the solution of the Dirac Hamiltonian without a potential

Hy = cap + fmc?. (8.1)

The solutions of the time dependent Dirac equation (6.1) are assumed to be of the
form

U(r,t) = < Z >ei(k”¥’f) = (r)e iV (8.2)
where 9(r) is the solution of the stationary equation, given by
_ X ikr ikr
w(r)—<¢>e = Ue"™". (8.3)

Here x and ¢ a two-spinors that are called the large and small component of the
double-spinor U.

Before moving on, first note that
pe’s = hke'kr (8.4)

as it can easily be verified by applying the operator p on the exponential function.

Inserting the form assumed for the solution 1 into the stationary Dirac equation (6.5)
and using the relation above yields the equation

ch 0 o X keikr+m02 ]:2 0 X eikr:W X eikr (85)
o 0 © 0 —Is ¥ ®

which can be rewritten into a system of two equations:

(W — ch) x —choky = 0 (8.6)
(W +mc*) ¢ — chaky = 0. (8.7)
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For non-trivial solutions of this equation system its coefficient matrix must have a
vanishing determinant:

(W —me?) (W +mc?) — h? (k) (ok) = 0. (8.8)
From the property (7.20) of Pauli matrices and commuting operators one can conclude
(ok) (ok) = k?, (8.9)

which, inserted into (8.8), yields
W? = ARk 4+ m2l (8.10)

Furthermore, from (8.7) follows the relationship
_ chok
7T W me2X

between the large and the small component.

(8.11)

The basis vectors x can be any two linearly independent vectors. Commonly, they are
chosen as the eigenvectors of o, which correspond to the states “spin up” (ms = +1/2)
and “spin down” (ms = —1/2):

¢;—<é),¢_;—<?>. (8.12)

ms determines the z-component of the spin angular momentum s and is given by

ms = £s (8.13)
where s = 1/2.
Using these results, the double-spinor U can be written as
1
W + m02> 2 ( Om )
U=U,. =|—— s ) 8.14
o= (5w 2 0. 1

where the normalisation constant is determined by the condition U,%LS = 1, using
equations (8.9) and (8.10). Thus we can write:

The stationary right-hand side solutions of the free particle Dirac equation are:

1
W+ mc2) 2 ( Om ) ik
o (r) = (22T . s ) ke 8.15
o, 1) = (i O (8.15)
where
W? = 2h2k? + m2ct (8.16)
and

¢;=(é>,¢_;=(?). (8.17)
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These solutions, as already mentioned above, are called the right-hand side solutions
of the Dirac equation. They are two-spinor column vectors, i.e. of dimension 4 x 1,
and solve the equation

(ﬁo - W) Yiem, () = 0. (8.18)
One can, however, also consider an equation of the form
i, (1) (H° = W) =0, (8.19)

where Ekms is a row vector, i.e. it has dimension 1 x 4 , and the operator HO acts to
the left. The solution of this equation is called the left-hand side solution.

8.2 Solution of the Free Dirac Equation for Separated Radial and
Angular Parts

The previous section showed how to express the solution of the free Dirac equation in
a basis set of Dirac plane waves. This section, in contrast, uses the representation eq.
(7.36) of the Dirac equation to derive the solutions in a different basis set according
to the eigenvalues A = (k, uu) of the spin-orbit operator and the angular momentum
operator.

Before actually starting, we consider how the different parts in equation (7.36) act on
the spin spherical harmonics x 5. We already saw in section 7.5 how the spin-orbit
operator K acts on them. However, we have not yet looked on how o, acts on them.
It is a few lines of calculus (cf. [49] p. 59) to show that

—0,K = Ko,. (8.20)
As KXA = hrxp after eq. (7.64), this implies

K (—oyxA) = —hk (—orxa) - (8.21)

Thus —o,xa must be an eigenfunction of K. On the other hand we know that —hx
is the eigenvalue corresponding to the eigenfunction xz, where A = (—x, p):

Kxg = —likxy (8.22)
Comparing the two equations it follows that:

—OrXA = X% (8.23)

—O0rXx = XA- (8.24)

Now we come back to the original problem of solving the stationary Dirac equation
with the Hamiltonian given in eq. (7.36). The first step is to assume the solution is a
wave function of the following form:

vlr) =) = (D). (8.25)
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Inserting this into the Dirac equation yields:

oo (2 LK) (W@ ) o )xa(E)

T (’iaﬁhﬁ )( o ) ()

_ Pt (r)xa(F)

- ( W (r)xz(t) ) (8.26)

U;his can be regarded as a system of two equations. Using K xA = hrkxa and
K xx = —hkxg, we obtain
0 1 K\ b (5 2.t P t ;
corh 5 T P (r)xx(®) + me ' (r)xa(®) = W' (r)xa(t) (8.27)
1 &

—icoh <887‘ + - + r> D (r)xa(F) — ich@Z)b(r)XK(f') = iWQ/)b(r)XK(f').

Applying equations (8.23) and (8.24) this is rewritten as

o <aa - f) WrxalE) + mPY)xaE) = W) (8.28)
o (aa o f) () = mA xx(E) = W)X (D),
which can be written in the form
chgritie) = e ) (W met) v (829
ch;dzt(r) = —chl j Fth(r) + (W +me?) V(7).

At this point the choice of the form assumed for the solution in the beginning becomes
plausible: inserting the i in the second component eventually yields two real (i.e.
non-complex) equations.

The next step is to make the substitutions

up(r) := rpt(r), us(r) = mpb(r), (8.30)
yielding the equations
B 2
ch% (im(r)) = —chl T2HU2(T) — Mul(r) (8.31)
2
ch% <1u1(r)> = —chl —Zliul(r) + WUQ(T).

After multiplying both equations by r and computing the differentiations, the second
order differential terms cancel out, leaving the equations

0 K 1

2 s) = Faa)— L (W mey e 82
grm(r) = _gul(r)JF%(WijCz)“?(r)'
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This system of two linear first order differential equations can be rewritten into one
second order equation. To do so, the second equation of (8.32) is rearranged:

ch (§u1(r) + I:ul(r)) : (8:33)

ug(r) = ——
2(r) W + mc?
The obtained expression for us is then inserted into the first equation:

ch o (0 K
Wxmaar (g +ru)
ch k[0 K W — mc?
= m; (871“1(7,) + TUl(T)) — TUl(T). (834)

After computing the differentiation, this equation can be simplified to

H? K+ K2 W?2 —m?2ct
g () = =)+ g

3 ui(r) = 0. (8.35)
Inserting the relation (8.10) and multiplying the whole equation by r? it can be

rewritten as )

rQC{?ﬂm(r) + ((kr)? — k(5 +1)) ui(r) = 0. (8.36)

Resubstituting u; = r¢! and up = r? yields
82
?”meﬁt(r) + ((kr)? —k(k+1))rp'(r) = 0  (8.37)

2
e P ) + 2 0) + () — R (e ) 0 = 0, (839)

where r # 0 is required to divide the equation by 7.

Equation (8.38) is known as the Bessel differential equation, cf. the digression on
page 30. Its solutions are given by j;(kr) and n;(kr) and all linear combinations of
these two functions. Here j; denote spherical Bessel functions and n; are spherical
Neumann functions. The latter can be defined using spherical Hankel functions h;
and the relation h; = j; + ing, cf. the digression on page 29. The spherical Bessel
functions j;(kr) are regular, i.e. j;(kr) — 0 as r — 0, whereas n;(kr) are irregular,
i.e. they diverge. Consequently, they are called the regular and irregular solution
respectively.

After the solution for ! is known, the second component ¥’ can be calculated by
using equation (8.33):

us(r) = thmcg (;rm(r) + ’:Ul(r)) (8.39)
=) = e <§r - f) rt(r) (8.40)

ch 1/0

=) = W rmer <8r + ,:> rwy (kr). (8.41)
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Here w; = j; for the regular solution or w; = n; for the irregular solution. In both
cases, and also for w; = hy, the differentiation can be expressed by a recursion relation:

Do) = ko (hr) — e (8.42)
= Lun(hr) — b (k) (5.43)

Using equations (7.58) and (7.62), it follows that
fir e

Now, in the case k > 0 it is convenient to work with eq. (8.42). Using eq. (7.58) it
follows that [ = k, and the recursion can be written as

K+ 1

d
%wl(kr) = kw;(kr) — wy(kr). (8.45)
On the other hand, in the case k < 0 it is convenient to work with eq. (8.43) and
from (7.58) it follows that | = —x — 1. Hence, this recursion can be written as
d 1
() = =" L (k) — kg(kr). (8.46)

Comparing that to the first case k > 0, one notes that the two cases only differ by a
sign. Therefore, an expression valid for both cases is

K+ 1

%wz(kr) = sign(x)kwg(kr) —

This recursion relation is now inserted into eq. (8.41):

b _ ch 100 &
vilr) = W +mc?r <ar+r>rwl(kr)

ch k+1 0
= Wima ( . wy(kr) + 8rw;(kr))

wy(kr). (8.47)

1
= ch (H + wy(kr) + sign(x)kw;(kr) — r

1
W + mc? r wl(k:r)>
ch

Replacing w; by j; and n; respectively yields the final result for the regular and
irregular right-hand side solution of the free particle Dirac equation in angular
momentum basis:

wj\eg(r) = JA(r) = ( ikch-sign(k) . (849)

Wmer Ji(kr)xx(E

W = M) =(<> i ;> o

W+mez '
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Now we also wish to calculate the left-hand side solution. This is a simple task.
Instead of the form of the solution in eq. (8.25) we start from

0 = (T end® - ke ) (8.51)

Performing the same steps as in the previous case eventually results in the equation
system (8.28). Hence

& (r) = ' (r), 9(r) = o0(r) (8.52)

and therefore the result is:
PrEr) = Ta) = (k) S eed @) ) (8.59)
Gn(r) = Np(r) = ( n(kr)xh () — LT (o) () ) (8.54)

As the Hankel functions h; are a linear combination of Bessel and Neumann functions,
it is also possible to use a basis of Bessel and Hankel functions instead??:

An alternative basis for the left-hand side solution of the free particle Dirac equation
in an angular momentum basis is given by

._ o gulkr)xa(®)
JA(I') = (zk‘ifliilrgrglrl(n)]l(kT)XA(f_)) (855)
hy(kr)xa(F)
e (ﬁikﬁgiﬁ(ﬁ)hl(kﬂm(ﬂ ) (856)
Ta@) = (ke G) B ) ) (8.57)
Hy() = ( mlopd @) —Eemp k() ). (8.58)

This representation is the one that will be used from now on.

8.3 Angular Momentum Expansion of a Dirac Plane Wave

The Dirac plane waves from section 8.1 can be expanded in an angular momentum
representation using the results from section 8.2. This is useful in order to express
them in terms of spin spherical harmonics y s, which are eigenfunctions of the spin-
orbit operator, rather than in terms of spinors ¢,,,. Once the results for the Dirac
plane waves have been obtained, these results can further be used to derive an angular
momentum expansion of the free particle Green function.

22This is a convention in the Jiilich KKR group, the representation with Neumann functions,
however, can equally well be used.
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We start with the expression for the plane wave, eq. (8.15):

1
W +mc*\ 2 Om ik
m = — cho s LA 8.59
o, 0) = (T =) (e 5 ) (5.59)
The strategy is to write the term ¢y, e’ as
G, €™ = " angi(kr)xa(d) (8.60)
A

and determine the coefficients a, fulfilling this relation. To do so, the equation is

multiplied by Xj\ and then we integrate over t:

/ dix | (£) ™ = %j [ / dix (£)xa (f)] an i (k). (8.61)

Using the orthonormality of the spin spherical harmonics, eq. (7.73), the term in
square brackets simplifies to da s, thus yielding the expression

/ dExt () gm. €™ — apji(kr). (8.62)

Using the definition of the spin spherical harmonics eq. (7.60), X A can be rewritten
as

. 1 « .
XAE) = Y g gl —mama) Y, (B)6,- (8.63)
ms==+1/2

Inserting this into eq. (8.62) gives

X . 1 A\ L ikr
aA]l(k'f') = Z C(laja §|,u - m;, m;) /dI‘ Lyp—m/ (r)e 8 d)jnlsd)ms
mi=+1/2 T/—’
o1 zkr
= C(,j, §]u —mg,ms) [ dEY],_,, (F)e (8.64)

where in the second step the orthonormality of the spinors ¢,,, has been used.

For the term ¢’*" we already know an expansion from eq. (4.16):

=4 Z Y7 (K)YL(8) 5 (kr). (8.65)
Inserting this into eq. (8.64) yields

. 1 o1 v 7 . . .
apji(kr) = Am Z it g (kr)C(1, 7, §|,u —ms, ms) Yy (k) /dr L= (B) Yy e (T)

1. o1 *
- 47T@ljl(kr)0(l,j,i\u—ms,ms)YW_ms(
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Hence 1
ap = 4mitC(1, §, gt = s m) Vi, (k). (8.67)
This can be inserted into eq. (8.60), yielding
; . 1 “ S .
Om. T =D 4Ami'C (1], gl — e, ma) Yy, ()jr(kr) Xa (E). (8.68)
A

So far we found an expansion for the first component of the Dirac plane wave. The next
step is to find an expansion for the second component, i.e. for the term (a'k) ¢, e’¥r.
Since ¢y, is a constant two-component vector, it is a simple consequence of eq. (8.4)
that

(oK) $m,e™ = (0D) pm, ™. (8.69)
Using eq. (7.34) we can write it as
: h K :
(D) dm.e™ = —io, <h§T +o r) Pm, ™. (8.70)

In order to obtain an expansion like eq. (8.68), the question is how the op operator
acts on jij(kr)xa(r). We know

0 h

o (kr)xa(F) = i, <%T Fo K) i )xa (8) (871)

and want to find the eigenvalues of this operator. Thus, let us look at the different
parts of this expression:
e By using eq. (8.47) we know that

+1
r

e ea ) = b (sign(o)ksihr) = i) ) xae): (872

o K acts only on the spherical part of a function, as it can be expressed in terms
of the angular momentum operator L, which only contains angular derivatives
in spherical coordinates. Hence we get

K . . 1. - .
7]1(’““))(/\(1“) = ;Jz(’ﬁ")KXA(r)
hk .
= alkr)xa(t). (8.73)
Inserting these two results yields
. . . . . Kk+1. 1. K . .
opji(kr)xa(t) = —iosh <81gn(/<;)kjl(k:r) - Ji(kr) + ;jl(kﬂ‘) + rjl(lﬂ‘)) XA (L)

= —io,h (sign(r)kjz(kr)) xa(F). (8.74)
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Applying eq. (8.23) this becomes
opji(kr)xa(F) = ihksign(k) - j(kr)xz(E). (8.75)

Now we can rewrite the expression for the plane wave:

W+ me\ 2 N
wkms(r) = (;VVWLC) < chok zms )ezkr (876>

W +mc?

Gl. (8.68) <W + mc?

1
@ 2 1 1 * k
T ) ZA: 479 C(l,j, 5‘# — Mg, ms)Yl,p,—mS (k)

| < jilkr)xa () )

mfi‘:,l;cz PmJi(kr)xa(T)

-

~

) 1 *
Z 471'2[0([,], 5‘/1/ — Mg, mS)Yl,,LL*ms (k)
A

(k)
DS (o) o ()

By using the definition eq. (8.55) of the functions Jy, this simplifies to the final
result:

aLe) (W 4me?\2
B 2W

Angular momentum expansion of a Dirac plane wave:

1
W +mc?\ 2 ) 1 . -
Vi, (1) = (W) > 4mi O, g, 5l = may mo) Yy, () JA).  (877)
A



9 Free Particle Green Function

The Green function of the free particle is vital for setting up Lippmann-
Schwinger equations. It is a 4 x 4 matrix that can be expressed in terms of
the solutions of the free Dirac equation, namely spinors containing Bessel
and Hankel functions (the radial part) multiplied by spin spherical harmonics
(the angular part).

9.1 Derivation

We have seen in chapter 4 how the Green function of the potential free Schrodinger
equation is derived. This expression will be useful when deriving the Green function
of the Dirac equation, which will be derived now.

Starting point, of course, is the free particle Dirac Hamiltonian Hy as defined in eq.
(8.1). For the stationary Dirac equation of the free electron

Hop(r) = Wli(r) (9-1)
the corresponding Green function is defined by
(ﬁo - WI4) GO(r,t'; W) = —8(r — ') L. (9.2)
What will be shown in this section is the following proposition:

Once the non-relativistic free particle Green function GY,. is known, the relativistic
one can be constructed from it by

1 .
GO(r,t', W) - S (Ho + W14) GO (r,1';E) (9.3)
eq. (4.15) and (8.1) 1 . 5 ik|r—r'|
Proof: To verify the statement let us first look at the following identity:
(ﬁo - WI4> (FIO + W14) — 2wy (9.5)

= (af))2 +mc (apB + fap) + m2c* 32 — W2L,.
We will simplify this term by term:
e Eq. (8.9), together with eq. (8.4), yields:
A (ap)? = Pp? = & (—ihV)? = —2h2A. (9.6)
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e [t is easy to verify that for any 4 x 4 matrix

M= ( R ) , (9.7)

ma1  M22

where the matrix elements m;; themselves are 2 x 2 matrices, the following
identity holds:

BM + MB =2 < "B“ _T(r)m ) . (9.8)

Thus, using expression (7.35) and putting M = ap it follows
apf + fap = 0. (9.9)
e The 8 matrix fulfils 82 = 14.

Using these three identities we conclude
(o= W) (Fo+Wh) =~ ERAL + (m2c — W)L,
Ah? (A+ k) Ly (9.10)
where in the second step eq. (8.10) has been inserted. Now we use the definition of

the non-relativistic Green function in eq. (4.4) and insert an identity matrix I on
both sides of the equation:

h2
m

— (A+F) LGY, (r,v; E) = Lis(r — 1'). (9.11)

Replacing the term A + k2 in this equation with the result from eq. (9.10) yields

1
2mc?

(ﬁo - WI4> (ﬁo + WI4> GO (r,r' E) = —Lid(r —1'). (9.12)

Comparing that with the definition of the relativistic Green function G in eq. (9.2)
we obtain the result

GO(r, ;W) =

T (ﬁo + WI4> GO (v, E). (9.13)

This completes the proof and forms an efficient way of calculating G°. Note that G°
no longer is a scalar as in the non-relativistic case, but it is now a 4 x 4 matrix.

9.2 Angular Momentum Expansion

The step is to find an angular momentum expansion of the free electron Green function.
We recall the corresponding expansion in the non-relativistic case, eq. (4.28):

GO (r,r'; E) ——zk—ZYL 27 ()i (kr <) hy(krs). (9.14)
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First let us consider the case r > 7/, meaning that this equation reads as

GO (r,v'; E) —zk:—ZYL ) gy (kr' )by (k). (9.15)

In the previous section we derived a way to express the relativistic free particle Green
function in terms of the non-relativistic one, eq. (9.3). Inserting the expression above
into this equation we get

ik

GO(r,v'; W) = ~ 22

(10 +w1) ZYL &) Y5 () jy (') b (K. (9.16)

Now we rewrite the term ﬁo + W1, into a matrix form:

Hy+ Wy = cap+ Bmc>+ Wiy

0 cop mc2ls 0 Wi, 0
— N _|_ 9 _I_
cop 0 0 —mcly 0 Wi,

W +mc?) 1 cop
= ( ( cop ) L2 (W — me) I, ) (9.17)

Inserting this into the equation above we find a convenient form of the Green function
G (which is a 4 x 4 matrix) as a 2 x 2 matrix where its four entries GO itself are
2 X 2 matrices, too:

Sl w) = o <(W+mc2)lz

=5 cop (W 2 )ZYL 2)Y7 (&) g2 (k' )y (k)

_. G(l)l(ra r'; W) G[1)2 (I‘, r'; W) (9 18)
B Ggl(ra r'; W) ng(rv r'; W) '

Now let us calculate the matrix elements one by one.

1. GY: As defined above, it is

ik

G(l)l (I‘, IJ; W) th

(W + mc?) IQZYL VY7 (&) (kr Yy (kr).  (9.19)

Using eq. (7.74) we can replace the spherical harmonics by spin spherical
harmonics:

ik % .
e TLER ) ol (W RC A PRI
l m

= W m) Y ZXA@)xTA(f') ik Y (kr)
| 4

222 (W +me?) Z]l (k'Y (kr)xa (8) x| (F) (9.20)



82

9 Free Particle Green Function

2. GY5: Completely analogously to the first case, we can directly write

ik . ) R .
Gly(r,x/s W) = — 272%9D > Gu(kr" b (k) xa (B) x4 (). (9.21)
A

Now, using eq. (8.75) but replacing j; by h; (which is legitimate, because the
equation is valid for w; = ji, hy,n; as it can be seen from its derivation) we have

oph(kr)xa(t) = ihksign(k) - hy(kr)xx(F). (9.22)

Inserting this yields for the Green function:

2
G (r,xs W) = IZ—hZsign(ka)Ajl(kr’)hi(k:r)XK(f)xj\(f"). (9.23)

For the sake of a simpler notation later on, it is convenient to perform the
following renaming;:
K — —K.

As the sum includes all values of x, this does not change anything. Consequences
of this renaming are:

A = A, A=A
I — 1, 1 =1
sign(k) — —sign(k).
Applying this to eq. (9.23) yields
Glo(r, s W) = == " sign(k)fy(kr' Y (kr)xa (B)x(F). (9.24)
ch n

3. GY;: This element is identical to GY5, thus we copy the result from eq. (9.23):

GY, (r,¥'; W) ChZ&gn (k) (kr' Yy (k) xx (B) x k() (9.25)

4. GY9: This can be adopted from the first case without any changes, except for

one minus sign instead of a plus:

02.:2 (W —mc* Zﬂl k') hy(kr)xa () xh (). (9.26)

G(2]2(r’ I‘/; W)

Again, for the sake of a simpler notation later on, we rename as in point 2,
yielding:
ik . N .
G 13 W) = = (W = me?) 3 ik (ke s (k). (0.27)
A
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Combining the results from points 1 to 4 yields: GO(r,r'; W) =

ik 5 (W + me?) by (er)xa (8)5 (kv )XA<T ) —ichksign(r)hy (kr)xa (B)ip(kr )X () (9.28)
c2n2 ¢ ichksign(r)hy (kT)XA(I'>jL(k7 )XA(r (W - 'mc2) hT(k'r')XX(f')jT(kr/)X%(f'/)
ik (W + me?) hy(kr)xa (850 (ke )x (+) 7*€;jjjfj;)"> ha(kr)xa (8)57 (ke )Xk (#)
- 2h? = #&;;h (kr)xx (85 (ke )Xk (8) %hf(kﬂxx(f)jy(kr')x%(f’)

In the second step the component 9, was rewritten using eq. (8.10):
(W +me?) (W —mc?) = W? —m?c! = K% (9.29)

The matrix can be rewritten into a product of two vectors: GO(r,r’; W) =

(WercQ), hl(k”l")XA( ) . ’ N 1chksign(k N
_th( i) 0o ) (M)~ ) )

W+mc? r
(9.30)
Now recall the definitions in egs. (8.55) to (8.58):
Ji(kr)xa(r)
Ja(r): = ikch-sign(x N 9.31
v ( ) ) ) 0:31)
hi(kr)xa(T)
Hp(r): = ikch-sign(x - 9.32
) ( theige) )hz (ks () (9:32)
Tat): = (alkenh@) B ) ) ) (9.33)
Ha(r): = ( (k)i () R e () ) (9.34)
Using these functions, the Green function can be written as
0 /. _ (W + mc? /
G (r, ;W) =— TszHA r)Ja(r")  forr > (9.35)
For the case ' > r analogous calculations yield
W +mc?) | —
GOr, v, W) = _(CQIﬂ)sz JA(r)HA(X')  forr > 7' (9.36)
A

So the final result is:

Expansion of the Green function for a free Dirac particle:

Gor,r; W) = —ik% Z [O(r — " )HA(r)JA(X') + © ¢/ — 1) Ja(r) HA(Y)]
A

(9.37)



10 Relativistic Lippmann-Schwinger Equations

This chapter contains the most important analytical work of this thesis:
the derivation of an expansion of the potential matrix into a radial and an
angular part and, thereafter, such a separation for the relativistic Lippmann-
Schwinger equations including a full potential. Within the derivation |
introduce what | call D coefficients. They form the relativistic analogue
to the Gaunt coefficients in the non-relativistic case. The analytical results
found form the basis of the Dirac single-site solver that | implemented.

10.1 Derivation

The derivation of the relativistic version of the Lippmann-Schwinger equation is for
the most part analogous to the non-relativistic case. The only noteworthy difference
is that there are now two equations instead of one — one for the right-hand side
solution and another one for the left-hand side solution.

The analogues of eq. (5.1) are the two equations for the particular solutions:
,gbpartC(I.) — L—lv(r)qz;(r) = /dr/GO(I', I',; W)V(P/)¢(r,) (101)
apartc(r) _ @(I‘) (L71V(r))t _ /dr'zp(r’)V(r/)GO(r/7r; W) (10.2)

where 9 and P are 4 x 1 column vectors whereas 1 and Epartc are 1 X 4 row
vectors. Note that the differential operator L as well as the potential V are 4 x 4
matrices. t denotes the transpose.

The general solutions 1), 1 of the inhomogeneous equation system are given by the sum

. . —-partc
of one particular solutions 1Pt )

system, {wﬂms} and {Eﬁms}:

plus the set of solutions of the homogeneous

Vm, = PP L (10.3)

— —part —0
wkms = wpar ¢ + wkms' (104)

The latter are Dirac plane waves, as defined in equations (8.15) and (8.19). We note
this result:
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The relativistic Lippmann-Schwinger equations for the right-hand side and left-hand
side solutions are

By (1) = Y. (1) + / dr' GO, /s WYV (o, () (10.5)

B, (1) = B, (1) + / P, WG W), (106)

where ngms and Eﬁms are Dirac plane waves, given by equations (8.15) and (8.19).

10.2 Angular Momentum Expansion of the Lippmann-Schwinger
Equations

The starting point for deriving the angular momentum expansion of the relativistic
Lippmann-Schwinger equation is the expansion of Dirac plane, see eq. (8.15)

1
W +mc?\ 2 o .
0 ms ikr
= — 10.7
wkms (r) < 2w > < VVCT;}L(CQ ¢m5 > ¢ ( 0 )

in an a spin angular momentum basis, as shown in eq. (8.77):

1
W +mc?\ 2 1 -
0 _ -l . *
wkms (I‘) = <2VV> EA 4mi C(lv.jv 5‘:“ — M, mS)le,,ufmS (k)JA(r) (108)

The solution of the Lippmann-Schwinger equation (10.5) can be expanded in an
analogue manner
w 2\ 2 1
+ mce” \ 2 ) . " -

o )= (g ) SO ) BORA) (109
with an unknown function ¥,. Inserting this expansion together with the expansion
for the Dirac plane wave, eq. (10.8), into the Lippmann-Schwinger equation (10.5)
yields

. 1 . -
Y e, g, Sl = msm)Y o, (K) Ra(r) (10.10)
A

1 A
= ZilC(z,j,§|u—ms,ms)ygfu,ms(k) [JA(r)+/erO(r,r’;W)V(r’)RA(r’) :
A
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The whole equation is multiplied by Yy (R) =Yy p—m: (R) Integrating over k and
using the orthonormality of the spherical harmonics then results in

> e, %Iu — M, Mg ) RA(T)SAA (10.11)
A
1
= Z:ilC(l,j7 §|M — Mg, M) [JA(I') - /erO(r, s W)V (2 )RA(x') | dpnr-
A

Simplifying the equation gives

Ra(r) = Ja(r) + / dr'GO(r,v'; W)V (') Ra(r). (10.12)

For the left hand side solution R, the derivation is similar. The following box
summarises the four Lippmann-Schwinger equations:

Angular momentum Lippmann-Schwinger equations for the regular solutions:
Ra(r) = Ja(r)+ /dr/GO(r, ;s W)V (r')Ra(r)) (10.13)
Ra(r) = Ja(r) + /dr’ﬁA(r')V(r’)GO(r’,r; W) (10.14)
Angular momentum Lippmann-Schwinger equations for the irregular solutions:
Sa(r) = ZBA’AHA(I') S /dr’GO(r,r'; WHV (r')Sa(r') (10.15)
I

SA(I‘) = ZIBA/AFA/(I‘)+/dr/§A(r/)V(I‘,)GO(I‘,,I‘; W) (10.16)
A/

Here the 3 and B matrices are defined by:

2
Barn = (SAIA—F’L'IL‘(VVC_;;;C)/drHA(r)V<r>UA/(r) (10.17)

mCQ —
= (5A/A—|—ik(VV;h2)/drSA(r)V(r)JA/(r)
(W+m02)
c2h?
mCQ —
(VV;—BQ) / dr Ty (£)V () S (1)

The reason for introducing the § matrix and for choosing exactly the source term
above for the irregular solution can not be understood yet. It is because with this

Baa = Opra +ik /drUA/(r)V(r)HA(r) (10.18)

= Sna+ik



10.3 Angular Momentum Expansion of the Relativistic Green Function for a Particle in a Potential 87

source term the irregular solution is chosen correctly to yield an easy expression for
the Green function of a Dirac particle in a potential, as it will be shown in the next
section, where also the equation for Uy will be given. The equivalence of the two
representations for the 8 matrices will be proven in the next section, too.

10.3 Angular Momentum Expansion of the Relativistic Green Func-
tion for a Particle in a Potential

The objective of this work is to calculate the Green function of the single-site problem.
Hence, this section shows how to calculate it from the wave functions of the single
site problem and how the corresponding formula can be derived. A mathematically
complete derivation for the non-relativistic case was given in [75]. The derivation
here is based on this paper, however, the wave functions in the relativistic case are
vectors with four entries instead of scalar wave functions, and the Green function
and integration kernel are 4 x 4 matrices now. Hence, one has to pay attention to
the order in which those vectors and matrices are multiplied. Apart from that, the
derivation is analogous to the non-relativistic case.

The claim is that

the Green function for a Dirac particle in a potential is given by

G(r,x'; W) = —ik > [6(r = ) Ra(r)Sa(r)) + © ¢ — r)Sa(r)Ra(x")]

(10.19)
with the wave functions Ry, Rp, Sy and Sy given by eqs. (10.13) to (10.16).

Proof: The proof will be split into eight steps, out of which the first seven describe the
case r > 1/, i.e. the first summand in the Green function, and the last step describes
which changes are necessary in order to derive the second summand.

1. General technique of rewriting a Fredholm to a Volterra equation

Following a technique shown by RALL [76], a Fredholm integral equation can be
rewritten into a Volterra integral equation.

A Fredholm equation is of the form

yr) = 1)+ [ d'Ge, WV () (10.20)

with arbitrary f. It has, according to section 5.7, the solution

y(r) = f(r) + /dr'G(r, WV () f(x). (10.21)
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To solve it, it can be useful to rewrite it into a Volterra equation

r) + Y eadalr) + / dr’ KO(r, v'; W)V (r')y(r') (10.22)
by defining
m02 —
Ko(r,x'; W) = GO(TaT/;W)-i-ikW;EQ)¥JA(r)HA(r') (10.23)
’I?’LC2 —
o —ik:(W;_hQ) / A F A (r)V (r)y(r). (10.24)

2. Rewriting the Lippmann-Schwinger equation to a Volterra equation

The technique from the first point can be applied to the Lippmann-Schwinger equation.
Let us start with the regular right hand side solution, eq. (10.13)

RA(r) = Ja(r) + /dr’GO(r, s W)V (") Ra(Y). (10.25)

From eq. (9.37) we know the expansion of the Green function for the free Dirac
particle, which in the case r > 7’ is

(W—I—mc

0 /. _
G'(r,r; W) = — 272

zk:ZHA (r)JA(x)). (10.26)

Inserting this into the expression for KV, eq. (10.23), yields the integration kernel for
the Lippmann-Schwinger equation in a Volterra form:

KO(r,x';W) ::—ikw (r—1' (ZHA JTa(r ZJA VH a(r

(10.27)

The Lippmann-Schwinger equation itself is, rewritten into the Volterra representation,
of the form of eq. (10.22). Thus, according to section 5.7, it has the solution

r)—i—ZcAJA( /drK(r ', W)V
A

—i—ZcAJA ] (10.28)

where K has to fulfil the relation
K(r,x;W) = K%r,v/; W) + /dr"KO(r,r”; WHV (K" /s w). (10.29)
By defining the two auxiliary functions

F(r) = f(r)+ /dr’K(r,r';W)V(r’)f(r') (10.30)
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Ua(r) = Ja(r) + /dr’K(r,r’; WHV (r")Ja(r)) (10.31)
the solution of the Volterra equation can be written in the short form

r)+ Y caUa(r). (10.32)
A

3. Rewriting the c) coefficients using the § matrix (r > ')

For the part that follows the cp coefficients have to be rewritten to a different form.
In order to do so, we insert eq. (10.32) into the definition of the cp coefficients, eq.
(10.24):

m02
A = —z'k:m/;_hz)/drHA() < +ZCAUA ) (10.33)

m02
= Zk(W;hQ) (/drHA( +ZcA/drHA (r)Un(r ))

This equation is equivalent to

(W +mc? _
5A/A + Zk;(c2h2) /drHA/(r)V(I')UA/(I')

ZCA/

A/

(10.34)

ch J—
_ _ik(W;#) / A F A (r)V (1) F(x).

Now the term in square brackets is defined as the 8 matrix:

w 2 _
Bara = Oarp + Zk(;—hzw) /drHA(r)V(r)UA/ (r) (10.35)

so that eq. (10.34) is viewed as an inhomogeneous linear equation with unknown cj,
and thus the ¢y coefficients can be determined via matrix inversion

mc2 __
cr = —z’k(W;_hz) S8 / deH o (r)V (1) F(r). (10.36)

A/

Here BX}A denote the entries of the inverted matrix 3~! (and not the inverted entries
of ). Inserting the definition of the auxiliary function F', eq. (10.30), into this
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expression yields

o = it me) > i [ ar V) (10.37)
(704 / RV
gt S i | [ @t
+ [ty o mve o)
gt S i | [ a0
+ / ' H oy () () / drK (v, v W)V (r) f(r)]
(W + me?)

_ _ypWme) o Z BYA / dr [HA/(r)—i—
+ / dr'H pr(Y)V (YK (v, 15 W)} V(r)f(r).

We now define the function Sy as the term in square brackets:
Sa(r) = Ha(r) + /dr'HA(r')V(r’)K(r',r; W). (10.38)

It will be shown in the seventh step of this proof that this definition is actually
equivalent to the definition in eq. (10.16). Using this form for S the expression for
the cp coefficients simplifies to

A = —ik WJQETC ZﬁA,A/drSA/ D)V (r)f(r). (10.39)

4. Derivation of a preliminary expression for the Fredholm integration
kernel (r > 1)

From eq. (10.39) we can insert the explicit expression for the ¢y coefficients into the
formal solution of a Volterra equation, eq. (10.32):

W;;?C ZZ/BA/A/dr'SA/(r/)V(r’)f(r’)UA(r). (10.40)

AN

y(r) = F(r) -
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Inserting eq. (10.30) for the auxiliary function F' yields
y(r) = f(r)—l—/dr/ [K(r,r';W) (10.41)
(W +mc?
_Zk( 212 ZZBA’ASA’ Ur(r)V (x') f(x))].
AN

By comparing this equation to the formal solution of a Fredholm equation, given in
eq. (10.21), it follows that the Fredholm integration kernel G must be equal to the
term in square brackets:

W + mc?
G(r,v'; W) = K(r,v'; W) —zk: 73 ZZﬁMsA, Un(r).  (10.42)
AN

5. Rewriting the equation for Uy (r > 1)
The defining equation for Uy, eq. (10.31), is such that Uy is the solution of the
Volterra equation

Ua(r) = Ja(r) + /drIKO(r,r’; WHV (2 )Up(r') (10.43)

with integration Kernel K. Inserting the expression for K from eq. (10.27) it can
be rewritten as

mc2 _
Un(r) = JA(r)—ik:(W;—hQ) / dr' [@(r—r')Z(HA/(r)JA/(r’) (10.44)
~
—JA/(r)HA/(r’)>] V(') Un(r)
WC;;”C ZHA, / dr' T () V (1) UA ()

) W + mc —
+> Ju(r) chziiQ) /dr’(r)HA'(r/)V(r/)UA(f')
Al
=Bar— (5AA/ after eq. (10.35)

(W +mc?
= ZJA/(I‘)ﬁAA/ —Zk‘ 272 Z/dr'HA/ YA (e YV (") UA(1).
A/

From eq. (9.37) we know the expansion for the free Dirac particle Green function, in
the case r > r’ it is given by

mc? _
GO(r,x; W) = —ik(vv;—hQ) Z Hp(r)JA(x'), (10.45)

A
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which, inserted into the equation above, yields
Un(r) = Ja(r)Ban + / dr'GO(x,x'; W)V (r ) U (r'). (10.46)
A/

By comparing this equation to the Lippmann-Schwinger equation that defines the
regular right hand side solution Rp, eq. (10.13) it follows that

Ua(r) =Y Rar(r)Ban- (10.47)
-

Inserting that into the preliminary expression eq. (10.42) that we found for the Green
function G yields

W + mc? -
G(r, ;W) = K(r,v; W) — zk(CQh’fC) 3" Ra(r)Sa(r). (10.48)
A/
Since K(r,r') = 0 for r > ' we obtain
W + mc? _
G(r,t'; W) = m(c‘ggc) 3" Ra()Sa(r) forr> 1. (10.49)
A

6. Rewriting the 8 matrix solution (r > r’)

To complete the first part of the proof it remains to show that the definition for S
in eq. (10.38) is equal to the one in eq. (10.16). In order to do so, we first define the
« matrix by

(W +me? _
QATA = 5A’A — ’Lk?(c2h2) /dI‘HA(I‘)V(I‘)RA/(I‘). (1050)

Since this definition is, apart from different indices and a different prefactor, the same
as in the non-relativistic case, eq. (5.72) in section (5.8), we know in analogy to this

section that
_ (W +me? —
iy =ava + ) [ 4w ey o). (10.51)

Now we first want to show that this matrix is equal to the 5 matrix defined in eq.
(10.35). In order to do so insert eq. (10.47) into eq. (10.35), yielding

W/drHAv@ZgA,A,,RA,,(r) (10.52)

Bara = ba + ik ——grg
A//

which can equivalently be expressed in a matrix notation as

B=1+1-a)p. (10.53)
Rearranging this matrix equation yields
B=at (10.54)
and hence
(W +me?)

Bara = 0arp + ik /drSA(I')V(I‘)JA/(I'). (10.55)

c2h?
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7. Rewriting the irregular solution (r > ')

Now, using the new expression for the 8 matrix, we can rewrite the equation for the
irregular left hand side solution Sj. We start from the defining Lippmann-Schwinger
equation, eq. (10.16)

ZBA’AHA/ /dI'ISA )GO(I',,I';W) (10.56)
and insert the expression for the 8 matrix into this equation:
_ w 2 _ _
Salr) = ; (5“ + zk(;}gw) / dr’SA(r’)V(r’)JA/(r’)> Ha(r) (10.57)

+ / dr'Spy()V ()G (x', r; W)

= HA/(r)—i—/dr’SA(r’)V(r') [Go(r’,r; W)

The term in square brackets is equal to K°(r/,r; W) as defined in eq. (10.23), hence

Sa(r) = Ha(r) + /dr’SA(r’)V(r')Ko(r’, r; W). (10.58)
This is a Volterra integral equation, which, according to section 5.7, has the solution
Sa(r) = Hu(r) + /dr'HA(r’)V(r’)K(r’, r; W) (10.59)

where the integration kernel K is defined by eq. (10.29).
8. Changes for the second case 7’ > r

The derivation of the second part of the Green function for the case r’ > r goes
analogously to the first case. The Fredholm equation to start off now is given by

/dry )G (x', r; W). (10.60)

Note that the order of the functions in the integrand has changed and the arguments
of G have also been interchanged. The Volterra form of this equation is given by

)+ Z eada(r /dr G )WV E (5 W) (10.61)
where K and cA are given by

_ W+mc
K(x/ ;W) = GO(rgr;W)Hk T ZHA (r) (10.62)

(W + me?)

A = —ikCQhZ/drHA(r)V(r)y(r). (10.63)
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Following the steps from the first case and rewriting the equations then leads to the
result

(W+m

2
G(r,r'; W) = —ik 272 <) Z SA(r)Rp/(r)) for v/ > (10.64)
A/

which, combined with eq. (10.49), gives the complete result

W + mc2)

G(r,v; W) = —ik( 2 Z O(r — ' YRA(r)SA(r)) + © (' — r)Sa(r)Ra(Y)

A
(10.65)

and therefore completes the proof.

10.4 ¢ Matrix and Phase Shift

The t matrix in the relativistic case (see also [60]) can be defined analogously to the
non-relativistic case, i.e. to eq. (5.34), as

Iy = / AT A (0)V (1) R (). (10.66)

The only difference to the non-relativistic case is, that the index L has been replaced
by the index A = (k, ) and, correspondingly, the relativistic wave functions and the
relativistic potential are inserted. The matrix elements, however, still remain scalar,
since Jp is a 1 x 4 vector, V a 4 x 4 matrix and Ry a 4 x 1 vector.

The physical interpretation also remains unchanged compared to the non-relativistic
case: incoming waves with angular momentum index A are scattered to the angular
momentum channels A’ with an amplitude given by the element ;.

In the (k,u) representation the ¢ matrix is diagonal for non-magnetic systems if
the potential matrix V' contains a spherical part only. That can be seen in figure
10.1a for the example of a tungsten impurity in a rubidium host, calculated with the
fully-relativistic code that I implemented within my thesis. Note that this matrix,
transformed into the (I, m;, ms) basis, would no longer be a diagonal matrix. The
structure is the same as found within a scalar-relativistic calculation with additional
spin-orbit coupling.

In a magnetic calculation, i.e. using a spin-dependent but still spherical potential,
additional non-diagonal elements occur in the ¢ matrix. They form a structure
“parallel” to the diagonal, as shown in figure 10.1a. The same form has also been
presented by EBERT et al. [77].

When comparing the result of a non-magnetic full-potential calculation in fig. 10.2a
to the corresponding spherical potential calculation there is only little change in the
structure of the ¢ matrix. Note, however, the logarithmic scale. A similar structure
does not mean that all the elements are exactly the same.
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Fig. 10.2b shows the result of a magnetic full-potential calculation. Here additional
non-diagonal elements can be observed. Rubidium has a body-centred cubic lattice
structure, and for this lattice type STRANGE et al. [78] give a general discussion of the
form of the ¢ matrix. The large elements in the matrix shown here are in accordance
with their discussion. For the small elements (< 107°) there are deviations from their
calculated form. This, however, is due to a small numerical inaccuracy.

To obtain a representation that can be more intuitively interpreted, we will also
study the phase shift d5. This quantity describes the phase difference between the
incoming wave with angular momentum index A and the outgoing scattered wave
in the same angular momentum channel. Detailed descriptions can be found e.g. in
[79, 80]. Such a description is possible for a spherical potential, meaning that there
is no mixing between angular momentum channels, or in other words, where the ¢
matrix is diagonal. Fig. 10.3 schematically depicts the phase shift of an incoming
Bessel function j;.

For spherical potentials the following relation between the phase shift and the ¢t matrix
holds: A
ktan = —Sin(dA)e"SA.

Fig. 10.4 shows the result of a calculation with the single-site Dirac solver that I
implemented for the phase shifts of a tungsten impurity in a rubidium host. The
calculation was non-magnetic and for a spherical potential, as only then the resulting
t matrix is diagonal and the (non-generalised) phase shifts are defined. Interesting in
the figure is the splitting between the two d orbitals. Such a splitting can be observed
in relativistic calculations of heavy elements, as it depends on the spin-orbit coupling
strength and therefore increases with the atomic number Z. For example, STRANGE
et al. [81] found a similar splitting in calculations for platinum.

Another interesting quantity is the k-dependent ¢ matrix, defined by its elements

/
msm . . . . . . .
T, °- This matrix describes how an incoming wave with wave vector k and spin

quantum number my is scattered into outgoing waves with wave vectors k’ and spin
quantum numbers m/, and is defined as

s /s —0
Tad = / Ay, (0)V (x) i (1) (10.67)
This matrix can also be expressed in terms of the ¢/ matrix elements. In order to

show this, we insert the expansion of the free Dirac wave function, eq. (8.77), and the
expansion of the solution ¢y, , eq. (10.9), into the definition above. This results in

1
msm/. W 4+ mc?\ 2 . 1 * R
Tao° = /dr Z [(W) (47T2l0(l,j, i\u — M, ms)> Y j—m, (k)

1
2\ 2 1 N
) (4m Ol = ) i

JAa(®)V (r)Rps (r)} : (10.68)
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(a) Non-magnetic calculation with the spherically appproxim-
ated potential.

1.0
Si2Pz .%Q dal‘;? dlm . fsn . fml
S | § 0.5
Pz | |
o 1 [ oo
Oy | 4 41-0.5
0‘5,2 | 3 4-1.0
4-1.5

fso

-2.0
fe -2.5

-3.0

(b) Magnetic calculation with the spherically approximated
potential.

Figure 10.1: Logarithmic plot of the ¢ matrix elements, calculated fully-relativistically with
a spherical potential for tungsten in a rubidium host in the (k, ) basis.
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(b) Magnetic calculation with the full potential.
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Figure 10.2: Logarithmic plot of the ¢ matrix elements, calculated fully-relativistically for

tungsten in a rubidium host in the (k, u) basis.



y, Ji \

Figure 10.3: Schematic plot of the phase shift. The blue curve depicts the radial part of
an incoming wave in an angular momentum decomposition, which is a Bessel function (here
for I = 1). The red, dashed curve is the large component R}, of the scattered wave, with A
corresponding to the given [ value. Such a simplified picture is valid for spherical potentials,
where there is no mixing of angular momentum channels.

Defining the coefficients

W +mc? «
ap(k) = (2VV> amitC(l, 4, = |,u M, Ms) Y] (K) (10.69)

it can be rewritten as
T =3 an (k) (k / e p ()V (r) By (x). (10.70)
AN
The integral is by the definition in eq. (10.66) a txas element, hence

T = > an(k)ah (K )tan - (10.71)
AN

10.5 Angular Momentum Expansion of the Potential

The angular momentum expansion of the potential is somewhat tricky in the relativ-
istic case, thus we will devote a section to showing how it is done. This kind of
expansion is not possible for an arbitrary 4 x 4 matrix but makes use of the property,

that the potential matrices V' or V contain self-adjoint (or Hermitian) sub-matrices.
These sub-matrices are defined as
_ e< v 0 ) (10.72)

Ve. = < Vi )
Vis 4 . —A, —A, +iAy
4)—06( A, —iA, VA, ) (10.73)

Vas

1

Va

V;

b. _ 1
v (e
c. _ ‘/31‘/?32
oo (0
Vs

Vy

Vo1
- ce( B A At > (10.74)

= e< v 0 ) (10.75)

\ 7%

Vas
Vs
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Figure 10.4: Phase shifts for tungsten in a rubidium host in a non-magnetic calculation
with a spherical potential, which means that the ¢, entries are the same for a given x value.
Plotted here are the values corresponding to the indices 1 to 18 in table 7.2b, corresponding
to the given five orbitals.

so that the potential, cf. eq. (6.12), can be written as

a b
V= ( Ve > (10.76)

Analogously, the potential V that uses a B field instead of the vector potential A, cf.
eq. (6.14), is made up of the sub-matrices

~a ~ ~ B B .

Vv _ L/ll Zl? _ ( €Y NBZ IMBI + ZNBZJ > (10'77)
Vor Vi —pBy —ipBy ep + pB,

~b ‘313 ‘714

V.= | LB " |=0 (10.78)
Vas Vo

~C ~ ~

Voo o— ( “//31 “//32 ) —0 (10.79)

a1 Vi

Voo | Vs Ve ) o ( cptpBs pBe—inB, > (10.80)

Vis Vs uBy +iuBy,  ep— uB,
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and can consequently be written as

o

ZZ <
]
Q<

<2
|
IS8

(10.81)
vV

Now, the important thing to note is that for ¢, A and B being real, all the sub-matrices

are Hermitian: ;
~T

Ve =yt T , x=a,b,c,d. (10.82)

We will now continue with the potential V. However, as V also fulfils the property
above, an analogous treatment is possible for this representation of the potential.

Exploiting a general property of Hermitian matrices, namely that they can be
decomposed into their eigenvalues and eigenvectors, we can write

Z A ufult (10.83)

where {uf,u3} are an orthonormal set of eigenvectors of V* forming a basis of the
matrix’s eigenvalue spectrum, and {\{, A5} are the corresponding eigenvalues. Using
orthogonal but not necessarily normalised vectors, we can generalise

Ve = Z IIuIIIQUZu (10.84)

Digression: The spin spherical harmonics xp are 2 x 1 column
vector functions depending on the two angular variables & = (6,¢).
They form an orthonormal basis of the vector space of square
integrable two-vector functions f on the surface of the unit sphere:

(1) moxben a3

with the scalar product given by (f,g) := [ dFf fT(#)g(#). Hence,
any function in that vector space can be expanded in terms of
spin spherical harmonics: f(f) = >, vaxa(t). If the function f
depends not only on the angular but also on the radial variable, the
coeflicients v have a radial dependence: f(r) =", va(r)xa(T).

Now let us take the eigenvalue A¢(r) one of the two eigenvectors uf(r). Exploiting
the fact that there exists a xp-expansion of Afu, we write:

=) v (r)xa®) where vy (r) = / dixh (B)A?(r)ul(r).  (10.85)
A
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One could also write this in Dirac notation as

uf) = Ixa) (xa [ud) . (10.86)

A

Obviously, the same is valid for the adjoint of the eigenvector (that is not multiplied
by the eigenvalue)

= S ehie) where o) = ([ b)) = [l

(10.87)

or in Dirac notation

(g =" (xal (g [xa) (10.88)

A

as it follows simply by forming the adjoint equation. That means we can write

Al (r)u () = <Z%A xa )(Z%A' XA/f>
= > A (r)xa®)x (B) (10.89)

AN

Thus the 2 x 2 sub-matrices can be expanded as

Vi) = ZZZ D8 (r)xa () x o (£)

i=1 A N
2
= ZZ(Z () (r )XA<f>x*A,<f>
AN =1
= D> via(mxa®)xh () (10.90)
AN

defining the term in brackets as

o (r 2 o (r :2( [ad@nen) ( [ awm).

i=1
(10.91)
For the other sub-matrices the expansions are similar, however they are not exactly
the same. For z = b the term )\fug’ is expanded as before in the case x = a, however

bt

the part u;' is expanded using x5 instead of x . This is done just to obtain a simple

notation in the end. For z = ¢,d changes are similar. Here is an overview of the
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different coefficients:

Vi (r) = diufT(r)xa(®)  (10.92)

diul (v) x5 () (10.93)

divd (r)xx () (10.95)

/ /
/ w0 = |

V() = / dix (BN E)uf(x), Ty (r) = / diul (rxa(F)  (10.94)
/ A= |

2 2
Vi (r) = Vi (r)id (r) = dixh (F)A% (r)ud diul?t , 10.96)
AA ; A A ; / XA ) (/ £)xar(
via(r) = Z VEA(T)f/fA/(T) = Z

viar(r) = D i m)E () = 10.98)

®)0
(/d ) (10.97)
( /dm wtd)
oy () = gu&(r%(r):i( [ @it ( [ deu @ ) ) (1099

As a consequence of these decompositions of the sub-matrices, there exists a decom-
position of the whole potential matrix V:

) Vo (XA E) v (XA )

e ;Z<x () () va,<r>xA<f>xﬁ,<f>> (10-100)
_ v (r) ol (1) L@ 0
- ey (4 e ) (R R (N e )

We will later on make use of this expansion for separating the radial and angular part
of the Lippmann-Schwinger equation.

To have an explicit expression as it can be programmed, we evaluate the products
and get

VRA XA XA (1

(1) VRAXAMXAr(2) (1) UANXAM)XF )
:ZZ UZ\A/XA(Q)X{I\/(l) U?&A’XA(Q)XZV(Q) UAA’XA(Q)X*X’(U “AA’XA@)XIK’(Q)
oA | VAN XEROXA ) YA XA Xar2)  YANXRMXG () VAN XRWXE (9
VAMXE@XA(1) VAN XE2)XA/(2) ”AA/XK@)X*X’(U Uﬁi\A/XX@)X*K’(Q)

(10.101)

were X (1) and xa(z) are the two components of the spin spherical harmonic function.
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Apart from the theoretical aspect that this expansion is possible, the coefficients v ,,,
as defined in eq. (10.91), are also explicitly needed for calculations. It is therefore
necessary to calculate all the eigenvectors uf and eigenvalues A7 of the sub-matrices

V*. When using the potential XN/, these eigenvalues and eigenvectors are (obviously)
different, so the coefficients v ,, are also modified compared to the exact theory.

Explicit calculations of the eigenvectors and eigenvalues for the potential V yield:

qu:(?),ug:(é) (10.102)

@ =\ = ep (10.103)
—Ay+iA, —Ag+iA,
. ( Tt ) = ( apat ) (10.10)
1 1
M =¢|A|, N5 = —¢|A] (10.105)
ul = ul, XS = A0, ud = ul, AL = 20 (10.106)

When using the potential V the explicit expressions are

—By+iBy —By+iBy
Wl = | TBEB: | yi=[ —BHFB: (10.107)

1 1

Al =ep+p|Bl, A; =ep— pn[B| (10.108)
B,—iB, B,—iB,

ul = ( \BlIBz >  ud = ( —|B\1—Bz ) (10.109)

M = ep+u|B|, X§ = ep — 1|B| (10.110)

uﬁ_u§_<$),ug_ug_<é> (10.111)

A= )\¢=0. (10.112)

These eigenvectors are not yet normalised, i.e. in the calculation one has to replace
these explicit expressions for u; by u;/ ||u|.
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10.6 Coupled Radial Equations for Full-Potential Spin-Polarised
KKR

As we have seen in section 10.3, once the regular and irregular solutions of the
Dirac equation for the particle in a potential are known, the Green function can be
calculated by using an expansion into those solutions. The latter can be calculated
from the Lippmann-Schwinger equations (10.13) — (10.16). In order to do so, we will
use a further angular momentum expansion, i.e. the potential and the Green function
are expanded. This will result in coefficients R/ from which the regular solutions
R can be calculated.

We start off expanding Ry in terms of spin spherical harmonics:
_ Rip (r)xar () ) _ ( xa(®) 0 ) ( Rip(r) >
Ral) =2 (e 2707 e ) Lirkae) )
(10.113)
As we know that the spin spherical harmonics ya are 2 x 1 column vectors, the
expression at the right hand side is a 4 x 2 matrix times a 2 x 1 column vector (R},
and Rf\, A are scalar functions), thus yielding a 4 x 1 column vector. That is what

the solution of the Dirac equation Ry (here in angular momentum representation)

should be.

From eq. (8.55) we know we can write

Ja(r) = < ZJ%((Z))?AA((?) > = < XAO(f) XAO(f) > ( ZJXX((?) ) (10.114)

where the following definition was made:

Jyery N _ o aikn)
( ZJ/E)&(T) ) T < ij(k?“) ) . (10.115)

W +mc?

Using eq. (9.28) we can write the Green function as G°(r,r’; W) =

ik (W +me?) 3 ( L) xaB)XAE) G (r ) xa (B (V) )
c2h? — G5 (r @A) G g @)X L)
k(W +me?) xa(®) 0
- c2h? EA: ( 0 xz(®) )
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with the definition

G4 (r, 1) iG?\(T, ™)\
iGS (r, 1) G‘f\(r, ) o

o -1’ h(kr)j, (kr') :ggggggglhxkr)ﬁ<qu
r—r ichksign(x . c2h2k? .
T k)i k') Gt by (k) i (')
ha (k'Y (k) LRSIy (or) (k)
+@(T,—T) ( ichksign(n)h )i (e (VZ;)‘;%;) bl fer ,lk .(10.117)
Wrme2) 1(kr")gi(kr) Wme2)? 1(kr")jy(kr)

Note that this matrix has dimension 2 x 2, whereas the full Green function G°(r, r’; W)
is a 4 x 4 matrix. As the matrix of spin spherical harmonics multiplied from the left
has dimensions 4 x 2 and the one multiplied from the right has dimensions 2 x 4,
everything is well-defined.

And last but not least the potential is expanded in the following form:

A .i. ~
3 xa®) 0 > ( viar(r) vh(7) ) Xa(F) 0
V(r) = . A ) .
( ) N A ( 0 XK(I') 'UAA/(T') ’Ui[v('f’) 0 XTK/(I.)
(10.118)
We continue from is the Lippmann-Schwinger equation (10.13)

RA(r) = Ja(r) + /dr’GO(r, ;s W)V (2 )Ra(Y)). (10.119)
Inserting all the expansion into this equation yields
T ( Xas(£) 0 > < R%M(T) )
= 0 + (T) iR 5,(7)

) < J4(r) > B ik (W+mc2)

c2h?

o =
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and using the orthonormality of the spin spherical harmonics yields the equation

()= (G ) o
ik T/I;—i;mc / dr’ AA T;')) Zgﬂf,/((: ; >) ) ( XTA/O(F) X O(r) )
) v 05 (r") V8, s (! fa (¥
0N o) G20 ) (%7 i)

> < XA‘:)(f'/) XA?(f') > ( ;;%:AA((ZI)) > (10.120)

A4

From now on it is necessary to assume that we are using the potential V with a B
field and not one with a full vector field A. If that is the case, it is vﬁ’@ A3 = Ui2ps =0,
i.e. the 2 x 2 potential matrix only has diagonal entries and consequently it commutes
with the matrices containing spin spherical harmonics. Therefore, one can take out

the sums, write all the spin spherical harmonic matrices in a row and then write all
the spin spherical harmonics into one matrix:

(g{,ﬁ((:)) > = < ; JA((Z)) )m,
[ g@ﬂ([’ 7 )

5 <xk<f)m #)x\s () xas () A 0 )

A2A3A4 XTK/ (r)XKQ (f/)XTKs (f/)XK4 (f'/)
{5 o))
0 V3508 (1) iR (") )
Separating angular and radial integral parts, this can be rewritten as:
Rip(r) ) ( JA(r) >
. - . OAN/
< iRy A (r) iy (r) ) "
1]4: W+mc o (r, ) Z'Gl/’\,(r,'r’)
3R Z /dr ZGC/ ) G (!
_ /df, Xy (B)xaz () ks (F)xas () o o
0 V() () () ()
(L 0 ) (B
0 Vaeps (7') iRy, (") )

Now, in analogy to the Gaunt coefficients in the non-relativistic case, the coefficient
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matrices

< DA’A2A3A4 O )
0 DA/A2A3A4

are defined where
Doy pansns = / A, () xae () xha () s () (10.121)

Using these coefficients the equation can already be written as an exclusively radial
equation. However, there are still three sums. By defining new potential coeflicients
given by

w(/lx’A‘l (T,) 0 o Z DAIA2A3A4’L)X2A3 (T‘/) 0
0 wl, W () ) 0 D, /

AZAS AR R Vaeas ()
(10.122)

it can be simplified to the form

(o ) = () )ow

Zk W+mc 2 (r, 7’) iG?\/(T, 7“/)
2Rz A§A4/dr zGA, (ryr") Gjl\, (ryr")

(55 g ) (e )

For convenience we rename A* — A”.

The coupled radial relativistic Lippmann-Schwinger equations are given by

RY/p(r) ) < A (r) )
. = 6 /
( iR\ (7) iy (r) )M
'Lk W 4F mC /12 GA/ T, T' iGb/(T, T,)
2R /d iGS(r,r") G4, (r,7") (U112

ST e ) Gt )

A//

The section is concluded with a closer look at the D coefficients. They are coefficients
not depending on the position r, i.e. the integrals can be calculated once and
the values can be stored, without the need to calculate the integrals every time
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a Lippmann-Schwinger equation needs to be solved. The D coefficients have four
indices, which means that for calculations up to Acyt one has to store A wt values.
If, for example, l.yt = 3 is chosen as the maximal [ value in the calculatlon, A goes
up to Ay = 32. However, to include also the A coefficients, one has to go up to
Acut = 40. Storing all the 40* = 2560000 coefficients yields a file size of roughly 90
MB (18 digits precision for non-zero values). This is still an acceptable size. However,
for calculations using large [ values, the following trick might be of interest.

Starting from the definition the integral is written as a double integral:
Dprpzpspa: = /df“xj\/(f“)XM (#)x s (£)x1 (F)
_ / di / dih, (B)xae (B8 — ) () xas (). (10.124)

Inserting the completeness relation of the spin spherical harmonics

> xhE)xa) =0 — 1) (10.125)
A
one can rewrite
Dppepsps 1 = /df/df’XTA, )xaz(®) Y xhE)xa@)xhs(#)xae(¥) (10.126)
A
S ( JEINONG >) ( / df'xA<f~’>x*Ag<f’>xA4<f~’>).
A
Defining new coefficients
danens == / dixa(B)x s (B (F) (10.127)

which are 2 x 1 vectors and have the property

d\por = / dixh, () xa2 (B)x) () (10.128)
the equation can be written as

Dyazasns = 3 dh o pdanons. (10.129)
A

Hence, using the d coefficients, one has the chance to store only A2 , instead of A%
values, however, with the disadvantage of having to calculate the sum of equation
(10.129) for each quadruple of (A’, AL A2, A3) values.

The d coefficients can also be boiled down to sums over Clebsch-Gordan coefficients
and Gaunt coeflicients by writing the spin spherical harmonics in terms of spherical
harmonics and replacing the occurring Gaunt coefficient terms.
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10.7 Coupled Radial Equations for Full-Potential Spin-Current KKR

Fully relativistic calculations where the vector field A is not replaced by a magnetic
field B are termed spin-current density functional theory. When using a magnetic
field B the self-consistency circle is run for a spin-up potential VT and a spin-down
potential V+. From these two potentials one can calculate ¢(r) and B(r). Since a
scalar-relativistic code needs the same two potentials, the necessary modifications in
the KKR code to embed a fully relativistic single-site solver (given that the solver
already exists) are small. In spin-current calculations, however, the self-consistency
circle has to be run for the potentials A and ¢, which means that the whole KKR
code needs to be modified to embed a fully relativistic spin-current single-site solver.
A further difficulty is that the exchange-correlation potential for spin-current DFT is
still under development.

Therefore, in the solver I implemented I used the approximation of a B field. Nonethe-
less, here I will present the coupled radial equations for a fully-relativistic full-potential
spin-current single-site solver. The additional effort for the single-site problem is man-
ageable and thus it might be interesting in the future to implement these equations.

I start from eq. (10.120). As the v® and v coefficients are no longer vanishing, the
next matrices do not any more nicely commute as they did before. However, the
equation can be rewritten as

( i}%/[;((:)) ) - ( ZJ/L{X((Z)) >5AA/
_ ik (W 4 me?) 3 /dr/( GR(r1) iG?&(TaT/I) )
A\

c2h?

(b (F)xaz () (F
)xx2 (F)xha (&

()
iR (1)
Separating radial and spherical integral parts is still possible:
(e )= (AR o
G v fa (&0 &)
Jai'xh, #)xp2 (F)x ks (#)xpa ()| v

A2A3A4
J i x i (8)xa2 8 )s () () | b2 00 (1)
J "Xk () xp2 () o () xan ()| v T ()X (7

J i () xge ()x
R%, (1)
( )

Using the relativistic equivalent of the Gaunt-coefficients that I introduced in eq.

Xas ()08 pa (1) X () xa2 (B)xta () g ()08 00 ()
XA4 (f‘/)vfp[\s (’l"/) Xj\' (f‘/)XX2 (f/)X
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(10.121), this can be written as

() - (50 Jow
G 3 o 30 )

( D a2 pa032 5 ('T) DA’A2K3K4UA2A3(TI) >

Dy pspations (') Dypgegiviogs (1)

() )

Now I define the new potential coefficients as

a / b /
< wé\/A4(T/) wQ/AAL( ,) ) (10130)
wioaa (1) wipa ()
< DA/A2A3A4UA2A3(’I",) DA’AQA A4U?\2A3( /) )
A2A3 ( Dy

') oK A4vi2A3(r’)

Dirz2 pspaVizas

T / T b /
dAA2A/dAA3A4’Uf/1\2A3( ) dAA2A’dAA A4UA2A3( ) )

= 2 <dT d o yd o1V s ()

,dA A3 ALY ! _
AA2A3 ARZR TAASA Azas (1) ARZR

yielding the coupled radial equations (after renaming A* — A”.):

The coupled radial relativistic Lippmann-Schwinger equations for full-potential spin-

current calculations are given by

( E}AA(( ) ) ( ZJA<(";>) )aAA,

ik (W me?) /d : ,2< (r,r) iGR, (r,1") ) (10.131)
(r
(r

ez (r, 7 G, (r, 7"

Z < U)A/A//( /) ’U)A/A// ,) ) < :R%//A('I"/) )
N /U}?VA// (7"/) wA/A// /) ’LRA,,A (7‘/)

These equation have the same form as the ones in eq. (10.123) except that the

potential matrix does not any more have zero blocks.
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10.8 Decoupled Radial Equations for a Spherical Potential without
a Magnetic Field

For the special case of a spherical potential ¢(r) = ¢(r) without a magnetic field
(B = 0) the coefficients vpa/(r) and wpa/(r) have a simple form that can be calculated
analytically. This can extremely speed up the calculation for this special case — there
is no need to calculate the coeflicients D ysp23 44 numerically and no angular integrals
which would need to be calculated numerically. Furthermore, it forms a way to test
a code designed for the general case and is good as an example to understand the
procedure in the general setup.

The potential matrix for this special case has the simple form
Vi(r)= ee(r) (10.132)

and thus the eigenvectors and eigenvalues are

g = ( " > g = ( (1) > N (r) = AS(r) = exp(r) (10.133)

uf = ( (1] > ,ud = < (1) ) M) = M (r) = ep(r). (10.134)

All the other eigenvalues are zero. As the eigenvectors are constant and the eigenvalues
have no angular dependence, they can be taken out of the integral when calculating
the v;p coefficients, for example

vin) = [ di N ) (10.135)

- </ df«XTA(f«)> -e(r) < (1) ) : (10.136)

Now first look at the cases A € {1,2}. These are the only two values with = 0 and
m = 0. The integral of the spherical harmonic function Yy g = 1/v/47 is given by

/df'YO’O(f) = V4. (10.137)
From table 7.1 it is known that

xi(t) = < Yb,g(f) ) , x2() = < Yog(f) > (10.138)

and thus it is

/dfxi(f) =(Var 0), /df«xg(f) =(0 V). (10.139)
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For all values A > 2 the integral of the spin spherical harmonics is zero. This can
easily be seen from the orthonormality relation of a spherical harmonic Y; ,,, with
Yoo :

\/%/df‘ le(A) = /df'Yle(f')%,O(f') = 5170(5,”70

= /df'Yl*m(f') =0 for (I,m) # (0,0). (10.140)
Hence, the integral of the spin spherical harmonics for A > 2 is also vanishing:

/deA(f) =0, /deTA(f) =0 for A > 2. (10.141)

The other v;p-coefficients can be calculated analogously. After that the wvaa/-
coefficients can be calculated to be:

" drep(r), A=A, Ae{1,2}
'UAA/(T) = 'UXA/(T) = {O otherwise (10142)

U?\A’(T) = 'U?\A/ ('I") = 0 VA, A/.

The last step is to calculate the wpp/-coeflicients. Inserting the result above into the
general formula yields

wX,A4 (7") = Z Z DA’A2A3A4UA2A3 (7“)

A2 A3
= ZDA/A2A2A4’UA2A2(T)
A2
= (DA’11A4 + DA’22A4) 47T6g0(’l“). (10143)
In the first step the property of the vja/-coefficients was used, that for A # A’ the

coefficients vanish. In the second step the property that all coefficients for A > 2
vanish was used. The D-coefficients are calculated via

Dy = / dird, (®)x1 (B)x] (F)xaa (7)

- /df'XJ/r\’(f')< % 8 )XA4(f) (10.144)
0 0
0 L

Dyan = [ () L)t (10.145)
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and thus

1

N A — 0 N

(Dpri1as + Dprggps) = /dr;&,(r)( 46 1 )XM(I‘)
4

1 . N N

= [ and @
1

= —dppd- 10.14
o (10.146)

Inserting that into the formula for the wy/-coefficients yields

1
whiaa(r) = 55A1A447reg0(7‘) = ep(r)dp/p4- (10.147)
In analogy we have
Wi a(r) = (DK’22K4 + DK’HK“) dmep(r) = ep(r)dps
= BQO(T)(SA/AAL. (10148)

This result means that all values for A’ # A% vanish, which is important inasmuch
as it means that the coupled radial Lippmann-Schwinger equations decouple in the
case of a spherical potential without a B field. This decoupling is also found in the
non-relativistic case of a spherical potential. When solving the single-site problem
computationally, the coupling of the Lippmann-Schwinger equations results in a
huge matrix that needs to be inverted. The inversion makes up a great part of the
necessary computational effort, together with the calculation of the wa/-coefficients
in the potential expansion. As both steps turn out obsolete in the case of a spherical
scalar potential, it explains why this case is much simpler, both theoretically and
with respect to the necessary computational effort, and therefore many investigations
are limited to this special case.

10.9 From Fredholm to Volterra Representation

The Lippmann-Schwinger equations derived in sections 10.6 and 10.7 contain two
types of radial integrals, one that goes from 0 to r and another one that goes from r
to S, where S is a sphere outside which the potential vanishes. For computational
implementation it is favourable to have only one type of integral to solve. Hence, in
this section the integral is rewritten to a Volterra equation, i.e. two integrals both
with integration domain from 0 to r. The technique for rewriting the integral is the
same as in section 10.3 in the first step of the proof.

Let us first insert the explicit form of the Green function, eq. (10.117), into the radial
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Lippmann-Schwinger equations (10.123), yielding:

< EKIA(T) > - ( 1?%’\((?) )51\/\/ - W

)
a0 (it e
0

ichksign(k 2h?
ancg))] 1(kr")hy (k) (Wf7k2)231 (k") hy ()
Z < wA/A// wg./A//( ) ) < :RZ\)//A( ) >
G wA’A” / wA’A”( ) ZRA”A(T/)
R O O e
wv;ii;;:;yy Py () G ey ()

Z < ’UJA/A//( i) ’LUQ/A// (7"/) ) < BZ\)IIA(’F /) > '
G wA’A”( ) WprAn (T ) ZRA”A(T )
Taking the parts that do not depend on r’ out of the integral, the equation can be

rewritten as
R%,\(r) 5 ik (W + mc?)
’LJA 62772

iR?\’A(T ) )
([T re—
( ) wxwm ) (et )
o\ woan () Wl () )\ iR ()
(el ) ([ szonon)
Z(wgmrﬁ wly o (1) > ( R (r) )]

G wA/A” (T ) wA’A”( ,) /LRA”A(T/)
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Now we use bold symbols for denoting two-entry vectors and 2 x 2 matrices and
define??

[ Bialr)
RA’A(T) = <ZR?\/A(7“) (10149)
JS(r) > jikr)
J . A == ichksien(k) - 10150
a0 = (A0 ( L) ) (10.150)
Ia) = (alkr) ) ) ) (10.151)
H%(r) hi(kr)
H = . A — ichksien(k 10152
A0) < iH (r) > ( (I}jlf—Fim(:(Q))h (kr) ( :
Ha(r) = ( hu(kr) =) by (k) ) (10.153)
wo () who, (1)
Vaa(r) = Q’A( ) W ) 10.154
walr) < Wi (r) wiin(r) ( )
This allows us to rewrite the equation:
W +
RAIA(T) = JAr(T>5AA/—Z’k% HA/ /d?“lT/2JA/ ZVA/AH )RA"A( )
A//
5
—I—JA/(’)")/ dr 7“/2HA ZVA/AN RAHA( )} (10.155)

A

Now we want to rewrite this mixed Fredholm equation into a Volterra equation. We
start making the following definitions

(W4 me?) S _
Apa(r) = an — %k“( 2h2 <) / dr'r?Hp (') Y Ve (1 )Rana(r') (10.156)
T A
LW Eme) [ s
Bua(r) = —zkc2h2/0 dr'r™J n (r %:VA/AH )Rava (1), (10.157)
which allow us to write the Fredholm equation as
RA’A(T) = AA/A(T‘)JA/(T) + BA/A(T‘)HA/(T). (10158)
In order to have integrals running from 0 to r only, we rewrite Axsp as follows:
(W 4+ me?
AA’A(T> == 5AA’ — Zk(CQhQ)/O d?“,’l"leA/ ZVA/A// RA”A( )
A//
. (W+m02) r o=
ik /O dr'r"“Hps (r %;VAW/ JRa7a(r')  (10.159)
- (W+m62) " 1 29T
— AA’A(O) +Zl€c2h2/0 dT‘ T HA/ ZVA/AN RA”A( )

A//

23In my computational implementation the factor (W + mc?)/(c*h?) is taken into the definition
of the potential V to be consistent with the convention of the scalar relativistic solver.
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Note that Ap/x(0) is constant. Apart from the matrices A, B and R we also want to
define the matrix

B = A7Y0)or (10.160)

~ . W+mc
Bam = 5AA’—2k(02h2/ dr'r?Hpr (') " Var () Rana (). (10.161)
A//

This matrix is defined analogously to the matrix o = 837! in eq. (10.50). It is not
the same though, as the functions here are vectors with two entries instead of four.

Furthermore we define another three matrices by multiplying the first three matrices
from the right hand side by 3

A(r) = A(r)B (10.162)
B(r) := B(r)8 (10.163)
U(r) := R(r)8 (10.164)

Explicitly written the entries are

Apa(r Z Apar(r)Bara
A/l
) (W + ch) P
= 5AA' — ZkWA dr'r HA/ ;VA/AN UA”A( ) (10165)
Bya(r Z Brar (1) Bara
A//
. (W + ch) o=
= —Zk762h2 /U dr'r JA %;VA’A” UA”A( ) (10166)
Thus we get the equation
UA’A(T) = JAI(T)AAIA(T) + Hy (T)BA/A(T) (10167)

which is equivalent to:

Two-vector Volterra representation of the relativistic radial Lippmann-Schwinger
equations:

(W +mc?
UA/A(’/’) = JA/(’/') <5AA/ +Zk%/o d’f‘/’I"IQHA ZVA/A// UA“A( ))

A

%74 2 T
“Hu (r) (zk%/ dr'r?Tx(r') > " Varn (') Unna(r )) (10.168)
0

A



Part IV

Implementation and Applications



11 Numerical Techniques

The main challenge when solving the single-site Dirac equation is to solve
the coupled radial Lippmann-Schwinger equations, in the method chosen
here written in an integral from. Using Chebyshev quadrature formulae, the
integral equations can be rewritten into linear equation systems that can be
solved by matrix inversion.

Apart from the radial integration, there are also several integrations of
the angular variables ¥ = (¢,0), namely for the D coefficients and the v
coefficients, that are solved using the method by LEBEDEV and LAIKOV.

11.1 Chebyshev Quadrature

To solve the Lippmann-Schwinger integral equations for the Schrédinger equation,
Gonzales et al. [82] proposed a method using Chebyshev polynomials (a good
introduction can be found in [83], for details about the Chebyshev method see e.g.
[84, 85, 86]). As the Lippmann-Schwinger equations derived here for the Dirac case
have the same form, the same technique can be applied to solve them. The first
component of the method is Chebyshev quadrature, which is based on a simple idea:
a sufficiently smooth function is interpolated by a polynomial which is then integrated.
Because the integral of a polynomial is known, the integration is easy and boils down
to a recursion relation.

The intuitive try for interpolating a function might be to choose equidistant points
within the integration interval. This, however, leads to large deviations between the
interpolating polynomial and the interpolated function close to the boundaries of the
interval in consideration. This problem is known as Runge’s phenomenon (see [87])
and it can be overcome by using a different point set. The points that minimise the
maximal error on the interval [a, b] are given by

a+b b—a <2n—1
cos | m

- * 2N

T 5 5 ) ,n=1.N-1 (11.1)

when using polynomials up to degree N. If [a,b] = [—1, 1] these points are the zeroes
of the Chebyshev polynomials T},, which are defined by

T, (x) := cos(narccos(x)), n € N. (11.2)

Although it is not obvious at first sight these functions are indeed polynomials. The
first three are given by

T()(.ZL‘) = 1

Ti(z) = = (11.3)
Tr(z) = 22%—1.
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When using the Chebyshev nodes, it is convenient to express the interpolating
polynomial in a basis of Chebyshev polynomials. In order to derive a recursion
relation for the differentiation of the polynomials one can use the trigonometric
representation given above and differentiate it, yielding

1 d 1 d
— - > 9. )
] Tht1(z) — Th-1(z) forn > 2 (11.4)

2T, () =

Here, however, a recursion relation for the integration is needed. Integration the
whole equation yields

' 1 v 1 v
/_1 Tn(l')dZE = an+1(l’) 1 - anfl(x) 1
= gy (B0 =0 = gy (Tt - 1)
_qyntl
- 2(7114_1)T”+1( )= 2(711_1)Tn—1(7") + (n?l)—l forn > 2. (11.5)

To complete the recursion relation we need the case of n = 0 and n = 1, which can
easily be calculated directly:

/T To(x)dxe = Ti(r)+1 (11.6)

-1

/r Ty(z)dz — %Tg(r)—i. (11.7)

-1

Hence, we have an integration formula for a single Chebyshev polynomial. Now let us
look at an arbitrary polynomial of degree N (the interpolating polynomial) expressed
in a basis of Chebyshev polynomials:

N
=" aTo(2). (11.8)
n=0

The integral of p will be a polynomial P of degree N + 1 which, for the definite
integral, can be written as

N+1

P(r) ::/ x)dr = Z b T (11.9)
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Let us directly look at the definite integral and evaluate the expression:

/ " p(@)dr = ian / T (2)de

-1

0
= ao (T1(r) + To(r)) + % (To(r) —To(r))

) ! 1 -1 n+1
+Z=:z (MT”“(” T3 T (nz)_l>

= o (Ty(r) +To(r)) + % (Ty(r) = To(r)

N+1 N—1 et

4 Z Gp— 1 Z an+1 +Z an ~— (1110)

n=1

where in the second step egs. (11.5) - (11.7) where used. In order to maintain the
basis we make the approximation of leaving out the (N + 1)th term in the first sum.
The equation can then be rewritten as

[ e = a )+ 1) + G (Balr) = Tolr) + DHTN0) — STi0)

N n
——Tz +Z St a”“ T (r )+27a"(;1_) ENGERE

n 1
n=2

Rearranging and remembering that Tp(r) = 1 yields

T a N an (— n+1 a
/p(x)d:c = (ao—;—l—znﬁﬁl_)l) TO(T)—|—<a0—?2)T1(r)

-1 n=2

N-1
Ap—1 — Op+1 aN—1
+> () + Tn(r) (11.12)

Let us now define the coefficient vectors

ap b()
aq b1

pi= : , Pi= : (11.13)
an by

that contain the coefficients of the Chebyshev representation of the polynomials p
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and P. Again the term by has been omitted. From eq. (11.12) it can be seen that

1 an( 1n+1
ap — JFZn 2 T o1

ay — 7
al;—as
4
az—aq
6
P .= . . (11.14)
aj—1—0541
2j
an_1
2N
Now one can write in a matrix form:
M-p=P, (11.15)
which is explicitly written:
1 1 1 1 1 (—1itl (=nN+1?
2 —3 *ts “~15 21 NZ_1 ag bo
1 0 -3 ay by
i 0o —3 a2 b2
0
0
% 0 —2%. a; b;
1 0 _ 1
2(N—1) N 2(N—-1) an bn

(11.16)

Note that this is an (N + 1) x (/N + 1) matrix and j runs from 0 to N.

The matrix differs slightly from the one calculated by Gonzales et al. [82], namely in
the (N + 1)th entry of the first line. This matrix includes a term that is neglected in
the matrix by Gonzales. As a test, one can apply the integration onto the polynomials
27, For j < N both methods are numerically exact. For j = N and j = (N +1) I
got results that were better by one order of magnitude for my example calculation
(N =5).

So far the method describes how to transform an integral to a matrix vector multi-
plication. In the case of the Lippmann-Schwinger equations, however, on has to solve
an integral equation. In the scheme above that means that the coefficient vector p
consists of unknown values that need to be determined. In order to do so, the matrix
M is inverted and the product M ~'P is evaluated. In other words, the integral
equation is rewritten into a linear equation system that is solved by matrix inversion.

11.2 Chebyshev Expansion

The Chebyshev polynomials fulfil the following orthogonality relation:

/1 T (2) T () (1 - 332)_% dr = {g‘smn ifm=#0orn#0

(11.17)
1 T ifm=n=0.
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Therefore a function f that is defined on the interval [—1,1] can be expanded in
terms of Chebyshev polynomials as

f@) =Y anTu(x) (11.18)
n=0

where

_{}Tf_llf(z) (1-22) % do ifn=0 (11.19)

T @) (-2 P e i L

Apart from the continuous orthogonality relation, the Chebyshev polynomials also
fulfil a discrete orthogonality relation:

N N .
50 ifm#0orn#0
D Tulaj)Tn(y) = ¢ 27" ’ 7 (11.20)
= N ifm=n=0,
where z; are the Chebyshev nodes
2n —1
;= j=0.N—-1 11.21
T COS(T[‘ 2N>,] , ( )

which are the special case of eq. (11.1) on the interval [—1, 1]. Inserting the function
f into the orthogonality relation yields an approximative formula for the coefficients
.
N—1 .
o A ~ Ym0 f@)Tu(z;) ifn=0 (11.22)
n ~ N—1 : :
% ijo fz)Th(z;) ifn>1.
As this discrete formula is a sum instead of an integral, it is more useful for practical
implementation of the Chebyshev method.

11.3 Lebedev-Laikov Quadrature

The Chebyshev method of the previous section can be applied to one-dimensional
integrals, i.e. in the context of this thesis for the radial integration. For the angular
momentum expansion of the potential, specifically for integrations when calculating
the vps coefficients, equations (10.92) to (10.95), and the D coefficients, eq. (10.121),
a quadrature method for integrations on a sphere is needed. The method used here
was developed by LEBEDEV and LAIKOV [88, 89, 90, 91| and is a standard method
for integrations on a sphere. A good introduction to the method can be found in [92].

The essence is to rewrite the integral to a summation

T 21
/ 03 f(F) = /0 a6 /0 465(6,6) = 3 wif (01,60 (11.23)
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with adequately chosen points (6;, ¢;) on the sphere and corresponding weights. The
points are chosen such that they are invariant under the octahedral rotational group
with inversion. To construct the points one has to start from one representative of a
certain class of points and then construct the invariant points. The smallest number
of points that can theoretically be used is six, corresponding to six vertices of an
octahedron®?. The weights are determined by demanding that the method is exact
for integrating polynomials up to a given order.

Laikov provided a publicly available C code that generates integration points and
corresponding weights. I used the original code to generate these values for my
integration routine. As a test calculation I evaluated the orthonormality relation of
spherical harmonics in the range of { = 0 up to [ = 6. With 110 points I already
obtained machine precision.

24The series of possible numbers of points is 6, 14, 26, 38, 50, 74, 86, 110, 146, 170, 194, 230, 266,
302, 350, 434, 590, 770, 974, .. ..



12 Dirac Single-Site Solver

The algorithm of the Dirac single-site solver that | implemented is explained
here. As an application, the skew scattering of tungsten in rubidium is
calculated, showing the expected asymmetry that is an extrinsic contribution
to the anomalous Hall effect.

12.1 Algorithm

The algorithm for solving the single site problem has been implemented in Fortran 90.
The most important steps up to the radial parts of the wave functions are described
here in a diagrammatic scheme. For details of the steps refer to the respective
equations given and the sections in which they appear. Expressions in monospace
style refer to the corresponding Fortran files and subroutines.

Calculate and Expand the Potential (Potential.f90)
read the D coefficients from a file (readDcoeff)

for each r = calculate ¢(r, ¢,0 ) and B(r, ¢,0 ) (getPotPhi, getPotB)
calculate the potential matrix V (r)

for each A | calculate the v(r), Dp(r) coefficients egs.
(10.92-10.95) performing integrationson a
sphere (nuCoefficients)

for each tuple AA” = calculate the vpp/(r) coefficients by summing
up the respective vy (r) coeflicients egs.
(10.96-10.99) (ExpansionCoefficients)

calculate the sums for the wpa/(r) coefficients
eq. (10.122) (wPotentialExpansion)

Prepare the Source Terms (SourceTerms.f90)

for each r | calculate a vector containing Bessel and Hankel
functions J(r), H(r) for all A values, eqs.
(10.150-10.153)

Set up and Solve the Linear Equation System (calctmat.f90, r11s11.£90)
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write the equation as a huge matrix-vector multiplication with indices for the radial
points r; and the A value

multiply by the Chebyshev matrix to set up the linear equation system
invert the matrix

--» radial wave functions Rpa/(r), Spaar(r)

My code is written such that it is embedded into the KKR code that is recently under
development in our institute (D. BAUER, R. ZELLER, P. MAVROPOULOS).

The calculation for a given kinetic energy E starts by computing the magnetic field
B and the scalar potential ¢ from the spin up V1 and spin down potential V' in
angular momentum representation, that is provided by the embedding KKR. code.
Once B and ¢ are known (in real space representation), the 4 x 4 potential matrix
is set up and expanded into spin spherical harmonics. This expansion is done by
making use of the vyas coefficients. From these coefficients, the wp s coefficients are
calculated?.

After the potential expansion has been computed, a second ingredient for setting up
the Lippmann-Schwinger equations is to calculate the source terms, which contain
Bessel and Hankel functions and spin spherical harmonics. Once they are calculated,
the Lippmann-Schwinger equations are solved by the Chebyshev matrix. To obtain
higher numerical accuracy without high computational effort, the integration domain
is split into sub-intervals, resulting in smaller matrices. The solutions for the sub-
intervals are matched by an analytically exact condition. The result is a large matrix,
describing the system of linear equations which are equivalent to the Lippmann-
Schwinger equations. The equation system is solved by matrix inversion, yielding the
radial wave functions.

The two most time consuming steps in the algorithm are the calculation of the sum
for the wy s coefficients in eq. (10.122) and the matrix inversion. The former is a sum
that has to be computed for A? coefficients, while for each of them A? summands have
to be added, resulting in A* operations®®. The current speed of the code is around
four times slower compared to scalar relativistic calculations with spin-orbit coupling.
While the matrix inversion is inevitable, the sum for the wpas coefficients holds
potential for future efficiency enhancement by examining the analytical properties
of the Dppip2p3 coefficients, which are the relativistic counterparts of the Gaunt

ZFor the case of spherical potentials with zero magnetic field B there is a faster routine, making
use of analytical properties discussed in section 10.8, that calculates the wj,s coefficients directly.
This routine is used if the parameter spherical_only in DiracConfig.f90 is set to 1, otherwise
the full-potential method is used.

26 For example, if lcus = 3 and hence Acy, = 32, this means that around 1 million operations have
to be performed.
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coefficients. As many of them are zero, the number of operations in the sum for each
coefficient can be reduced if these properties are exploited.

Once the wave functions are known, they are transformed from the (k, pt) basis to the
(I,m;, ms) basis, so that they can be used within the currently existing embedding
code without modifications. In the course of the wave function calculations, the
(angular momentum dependent) ¢ matrix is also calculated, as it is needed for the
calculation of the Green function of the full system. The described procedure is
done for many energies, afterwards the Green function can be calculated from an
energy integration. The matrix le;:,m; is not part of this calculation, however, I wrote
an add-on (in Python language) that calculates this matrix, in order to examine
scattering in detail. Results are presented in the following section.



12.2 Skew Scattering at a Tungsten Impurity

If an electron is scattered at an (impurity) atom the interaction of the electron
wave with the spin-orbit coupling of the impurity produces a direction dependent
scattering, i.e. electrons have a higher probability of being scattered into a certain
direction depending on whether they are in a spin up or spin down state. This effect
has first been described by MoTT [93], who also examined the consequences for
the conductivity in metals [94, 95]. It is one of the extrinsic contributions to the
anomalous Hall effect [96], and in this context the term skew scattering is commonly
used. The contribution to the spin Hall effect has recently been examined by FERT
and LEVY [97].

The absolute squared value of the matrix
T™ defined in eq. (10.67) is propor- *°
tional to the probability of a particle 7o
being scattered in a certain direction. I
calculated this matrix, based on a calcu-
lation of a tungsten impurity in a rubid-
ium host. The corresponding potential
was calculated self-consistently within
the local density approximation by the seo
KKR method. Since rubidium is to a s
very good approximation a free-electron
host, we can examine the Mott scattering | | | @
in the free-electron approximation. Due
to the cubic structure of rubidium, the
tungsten potential has in reality small
non-spherical components, that are neg-
lected in the non-magnetic calculation

2

mam!,
|Tkk’ |
2 a6
/Ryd* af

650

600

550

Figure 12.1: Scattering at a tungsten im-
purity in a rubidium host in a non-magnetic
calculation with a spherically approximated
potential. Depicted is the squared absolute

value of the matrix Tgﬁms where the absolute

and included in the magnetic calcula-
tion. In this calculation the incoming
spin is oriented in z-direction, while the
incoming wave has a wave vector k in
the z-direction. In spherical coordinates
this is equivalent to k having the angular
part (6,¢) = (5,0). The calculation was
performed at the Fermi energy, hence the
length of the wave vector is determined
by h?k%/2m = EF.

Fig. 12.2 shows the result of the calculation. Depicted is ‘

values of k and k” are equal (elastic scattering)
and correspond to the Fermi energy. This fig-
ure shows the non-spinflip scattering, here for
ms = m}, = +3 with the spin in z-direction.
The incoming wave has a wave vector in the
direction of the z-axis k = kpé,. In spherical
coordinates this corresponds to angles ¢ = 0
and § = 7/2. The shown curve is the ¢'-
dependence for a fixed value of ' = %W.

lel:,'m; % in terms of 0,9,

which are the angular coordinates of k. The results shown are the part without
spin-flip, i.e. my = m,. I computed this first in a non-magnetic calculation using
only the spherical part of the potential (fig. 12.2a) and then in a magnetic calculation
with full-potential (fig. 12.2b). The difference between a magnetic and non-magnetic
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calculation here is the dominating part of the difference.

The theoretically expected asymmetry between scattering to the left and to the right
(in z-direction), corresponding to an asymmetry dependent on ¢’, can be observed in
both calculations. It is more drastic in the magnetic full-potential case. For a more
quantitative picture, in fig. 12.1 the ¢’-dependent asymmetry is shown for a fixed 6
value.
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(a) Non-magnetic calculation with the spherically approximated potential.

Ty 'm.:_ | 2
kk'
/103 Ryd® a8

QI

(b) Magnetic calculation with the full potential.

Figure 12.2: Scattering at a tung/sten impurity in a rubidium host. Depicted is the squared
absolute value of the matrix T},5""* where the absolute values of k and k" are equal (elastic
scattering) and correspond to the Fermi energy. This figure shows the non-spinflip scattering,
here for ms = m/, = —|—% with the spin in z-direction. The incoming wave has a wave vector
in the direction of the z-axis k = kré,. In spherical coordinates this corresponds to angles
¢ =0 and § = 7/2. The left plots show the angles of the wave vector k’ of the scattered
wave in spherical coordinates. In the right picture the same quantity is depicted, here by the
distance from the origin.

&



13 Conclusion

Within this work it was my aim to present a comprehensive discussion of the full-
potential electron scattering problem based on the Dirac equation. In the first
part I set this work into the context of electronic structure calculations with the
KKR method and DFT methods in general. The second part described the non-
relativistic case, forming an important step in understanding the relativistic case
later on. Additionally, the Green function in the relativistic case is based on the one
of the non-relativistic case.

In the third part I addressed the main objective of this thesis. Starting point is
the Dirac equation, which contains vectorial wave functions with four entries and
a 4 x 4 potential matrix. This matrix has the important property that it is not
only hermitian, but also consists of four sub-matrices, which themselves are again
hermitian. Exploiting this property, I was able to expand the potential in spin
spherical harmonics, such that the expansion coefficients form a 2 x 2 matrix. This
fact is important, because based on this expansion I developed an expansion of the
relativistic Lippmann-Schwinger equations with radial wave functions having only two
and not four entries. Hence, the resulting matrix for the system of linear equations
that has to be solved, in my method has only twice the dimensions (four times as
many entries) as the matrix in the non-relativistic case, and not four times as many.
The dimensions are the same as for scalar relativistic calculations with spin-orbit
coupling, only the sum for the wpas coefficients consumes additional computational
time.

In the derivation of the potential expansion I considered both cases, the one of a
B field representation and the one of using the full vector field A. Hence I showed
the theoretical framework of solving the single-site problem in a spin-current KKR
method and discussed that the additional complicacy for the single-site problem is
managable. In order to be compatible with the code, however, the implemented
version is based on the B field representation (spin-polarised KKR).

Since the Lippmann-Schwinger equations I derived have the same structure as the
ones in the non-relativistic case, the Chebyshev integration method, already applied
by GONZALES et al. to the Schrodinger equation, can be applied to the Dirac equation
without major modifications in the integration methods. Hence the advantages of
this method — immensely improved numerical accuracy at only modest increase in
computational time and numerical stability, become accessible for fully-relativistic
full-potential calculations.

I successfully implemented the method as part of the KKR code currently developed
in Jiillich. As a test, I compared some calculated wave functions to the ones calculated
by the scalar-relativistic solver and, after artificially setting the vacuum speed of light
in my programme to a much higher value (simulating the non-relativistic limit), to
the non-relativistic solver, both with good agreement.

I applied the method to a tungsten impurity in a rubidium host. In this system



131

tungsten is magnetic and furthermore, due to its high atomic number, tungsten shows
strong spin-orbit coupling and, in general, strong relativistic effects. One of them is
the splitting of the d orbitals which I could observe when calculating the phase shifts.
Another property I examined was the scattering of electrons at this tungsten impurity
(Mott scattering or skew scattering). Here a non-symmetric scattering behaviour can
be observed, which forms one of the extrinsic contributions to the anomalous Hall
effect.

To conclude it can be said that, based on a successful derivation of relativistic
Lippmann-Schwinger equations, I was able to develop an efficient algorithm to
determine the wave functions and the Green functions in fully-relativistic full-potential
electron scattering. The calculations performed are able to simulate interesting
quantum mechanical effects and are good accordance with expectations.
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